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I. INTRODUCTION 
Climate models are the result of an attempt to translate the 
physical processes of climate into tractable mathematical representations 
of the climate system. All such models will display errors when their 
solutions are compared with the observed climate. This is true whether 
the climate models resolve as much of the climate system's structure and 
behavior as is practicable (as in high-resolution general circulation 
models), or parameterizes as much of the system's physics as possible (as 
in heat balance models or other statistical-dynamical models). In view 
of the widespread reliance being placed on models to reveal the mechanics 
of the climate system and, thereby, to provide a rational basis for the 
simulation of climatic change, it is essential that the relative proper­
ties and performance capabilities of climate models be better understood. 
It is only then that different modelling groups can benefit from each 
other's work. It is the main motivation of this study to make diagnoses 
and intercomparisons of climate model simulations for the further develop­
ment and improvement of the models themselves. 
The development of a general circulation model (GCM) in the past two 
decades has reached the step where the GCM is not only used to simulate 
the atmospheric circulation, but also employed to make medium-range 
weather forecasts and long-term climate and climatic change studies. The 
simulation of GCM was usually verified against the time-averaged low-
order statistics in which the magnitude and spatial distribution of a 
2 
single meteorological quantity was examined. With the model performance 
becoming progressively more realistic, there is a need for verification 
of higher order statistics, which requires the variance or covariance of 
two or more variables be studied. Diagnosis of atmospheric energetics 
has been proved a powerful tool in offering high-order statistics evalu­
ation and providing self-complete insights of both dynamic and thermal 
structures of GCM. 
A. Historical Background 
Standing eddies or stationary disturbances are generally defined, in 
the study of atmospheric general circulation, as deviations of the time-
mean flow from its zonal mean (Lorenz, 1967). They are the disturbances 
observed on monthly or seasonal mean weather maps. For example, the severe 
winter conditions experienced in the United States in 1963 and 1977 are 
believed to be the results of a stationary high-pressure system which 
existed over the eastern Pacific Ocean. Therefore, a proper simula­
tion of atmospheric standing eddies in a numerical model is essential to 
the climate study and the long-term numerical weather forecast. 
The existence of standing eddies is usually attributed to longi­
tudinally nonuniform external forcings, such as the mechanical forcing 
due to large-scale orography (Charney and Eliassen, 1949; Bol in, 1950) and 
the thermal forcing due to land-sea heating contrast and diabatic heat­
ing (Smagorinsky, 1953; Doos, 1962). Holopainen (1970) also suggested 
that the interaction between standing and transient eddies provides 
3 
another forcing in the maintenance of standing eddies. The inclusion of 
orography and land-sea contrast in the GCM gives rise to the problem of 
dealing with the parameterization of planetary boundary layer. To handle 
the diabatic heating in the model involves a suitable treatment with regard 
to radiative heating, latent heat release, and boundary layer heating. To 
account for the forcing effect by transient eddies requires the proper 
treatment of nonlinear interaction terms in the model. Therefore, the 
simulation of standing eddies provides a severe test to the overall founda­
tion of GCM. 
The relative importance of the mountain effect, the diabatic heating, 
and the transient-eddy effect on the simulation of quasi-stationary wave 
pattern has been the subject of numerious previous studies (Saltzman, 1965, 
1968; Sankar Rao and Saltzman, 1969; Derome and Wiin-Nielsen, 1971; Web­
ster, 1972; Egger, 1975a, 1976b; Lin, 1982; and others). More recently, 
Opsteegh and Vernekar (1982), using a steady-state, linear, two-level 
primitive equation model, examined the separate responses of each of the 
three forcing functions. They showed that the combined response to 
diabatic heating and mountain forcing is dominated by the contribution 
from the mountains, and that transient forcing is organized by the mountain 
effects. Youngblut and Sasamori (1980) analyzed the nonlinear effects due 
to transient eddies and standing eddies on the winter mean circulation, 
based on the potential vorticity equation, and estimated the role of these 
nonlinear terms in maintaining the stationary geopotential field. It was 
found that, although there is some similarity between the computed geo-
4 
potential forced by the thermal and/or orographic sources and the ob­
served, it appears that neither of these sources alone nor the combination 
is able to accurately determine the time-mean asymmetric field. The non­
linear effects of the transient and standing eddies must also be con­
sidered. It was further noted that the statistical effect of the transient 
eddies is to dissipate the time-mean wave. In a theoretical study of 
stationary long waves, Tung and Lindzen (1979) found that the effects of 
thermal forcing have comparable amplitude but out of phase with those of 
topography, the so-called destructive interferences, during a normal year. 
It was further suggested that the two kinds of forcings may act in harmony 
to reinforce instead of cancel each other, and, thus, produce planetary 
waves of unusually high intensity. 
The structure of standing eddies has been investigated in many ob­
servational studies. Statistics on standing eddy variances and covar-
iances have been extensively documented by Oort and Rasmusson (1971) and 
Lau et al. (1981) for the Northern Hemisphere during winter and summer. 
Van Loon and Jenne (1972) and Van Loon et al. (1973) described the struc­
ture of standing eddies in both hemispheres in terms of the amplitudes 
and phases of the first three zonal harmonic components. Saltzman and 
Sankar Rao (1963) showed that in the Northern Hemisphere the standing eddy 
temperature field is closely related to the distribution of continents and 
oceans, the relatively warmer air being over the land masses in summer 
and water masses in winter. Using circulation statistics compiled from 
twice-daily northern hemispheric analyses covering 11 winters, Lau (1979b) 
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described the physical structure and the associated transport properties 
of standing eddies in the troposphere. It was found that the structure of 
standing eddies is closely related to the distribution of lands and seas, 
and that the distributions of standing eddy transports in mid-latitudes 
are characterized by momentum flux convergence and equatorward geopoten-
tial energy transports in the upper troposphere, and by poleward heat 
fluxes at lower levels. 
It is observed that the standing and transient eddies coexist in the 
atmospheric flow. The transient eddies may be stimulated by atmospheric 
instability (Charney, 1947; Eady, 1949). The relative importance of stand­
ing and transient eddies and the interaction between them have been dis­
cussed in many previous studies. Chen and Lee (1983b) pointed-out that the 
kinetic energy generated by the time-mean flow is responsible for the 
maintenance of local circulation, whereas by the transient mode is respon­
sible for the maintenance of the kinetic energy of the entire atmospheric 
flow. When the variances and covariances of standing and transient eddies 
are compared in the zonally averaged context, standing eddies are seen to 
be relatively weaker (Oort and Rasmusson, 1971; Lau, 1979b; Lau et al., 
1981). However, Lau (1978, 1979a, 1979b) described that standing eddies 
play a dominant role in the local, time-averaged balances of momentum, 
kinetic energy and vorticity. The observational studies by Blackmon et al. 
(1977) and Lau (1978, 1979a) indicated that the property of transient 
eddies at any given location is closely linked to the position of that 
site relative to the standing eddy features. Murakami (1963) showed that 
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kinetic energy is converted from standing to transient eddies at locations 
near the mean troughs appearing on the mean weather map, but from transient 
to standing eddies south of the Aleutian Islands and Iceland through the 
so-called occlusion process. Diagnosis of energetics in most previous 
studies was presented in an area-integrated or zonally averaged format 
which precludes any description of longitudinal differences. In this 
study, particular attention will be focused on the 3-dimensional structure 
of the dynamic and thermal fields of standing and transient eddies. 
B. Purpose of This Study 
The kinetic energy of standing eddies and the momentum and sensible 
heat transports by standing eddies are usually weak in the GCM. Wellck 
et al. (1971) demonstrated that the eddy kinetic energy and transports are 
too weak in the NCAR general circulation model, and that the increase of 
horizontal resolution can enhance the eddy kinetic energy and transports. 
Chen et al. (1981b) pointed out that at 200 mb in the GLAS Climate Model 
the zonal kinetic energy and momentum transport of standing eddies are 
not strong enough. In addition, previous studies showed that the most 
serious error in the numerical weather prediction occurs in the long waves 
(Baumhefner and Downey, 1978; Daley et al., 1981). Hollingsworth et al. 
(1980) indicated that the energy content of standing long waves is too 
small in the forecast model of ECMWF. In a recent observational study, 
in the winter Northern Hemisphere, Chen (1982) displayed that in mid-
latitudes the available potential and kinetic energies of standing eddies 
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mainly exist in the long-wave regime, and the standing long waves are 
energetically less efficient than the transient long and short waves. It 
is further suggested that the low efficiency of standing long waves may be 
one of the physical factors causing the underforecast of standing eddies 
in numerical weather prediction models. 
Two general circulation models, the GLAS Climate Model (CM) and the 
NCAR Community Climate Model (CCM), are examined in this study. The 
GLAS CM was shown to have a good skill in short-term forecast (Baumhefner 
and Downey, 1978). The NCAR CCM was shown to capture the separation 
between the wintertime westerly jets in the troposphere and stratosphere 
(Pitcher et al., 1983), which was the major weakness in most of the GCM 
simulations. The orography and land-sea contrast of these two models are 
similar. However, as can be seen in the following section, the diabatic 
heating fields are quite different. It is expected that the structure and 
maintenance of standing eddies will show differences between these two 
models. The main objective of this study is to make diagnoses and compari­
sons of energetics of standing eddies simulated by these two models to 
provide insight into the structure and maintenance of standing eddies and 
to offer information for the further improvement of the models. 
Holopainen (1970) showed that, during winter in the Northern Hemi­
sphere, the overall energy balance of standing eddies is characterized by 
an energy cycle similar to that of baroclinic waves. The only process 
that maintains the standing eddy kinetic energy is the energy conversion 
from standing eddy available potential energy, which requires the estima-
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tion of vertical velocity field. Since the vertical velocity field is 
difficult to evaluate from observational data, Holopainen deduced this 
conversion as a residual from the balance requirement. As is well-known, 
the residual method tends to be unreliable due to errors accumulated from 
all the related processes. In his observational study, Murakami (1963) 
also pointed out that a large extent of uncertainty exists in his estima­
tion of this conversion. In this study, the calculation from a GCM may 
be able to provide some internally consistent information as to this con­
version process. Also, in the aforementioned studies, only the dynamic 
structure and maintenance of standing eddies were discussed. The thermal 
structure and maintenance of standing eddies will be examined in this 
study as well. 
As mentioned earlier, the GCMs tend to have difficulties in simulating 
the long waves, and the major energy content of standing eddies exists in 
the long-wave regime. Since we are expecting the standing eddies to be 
different in their structure and maintenance between these two models, it 
is essential to be able to evaluate the contribution from various scales of 
wave motions. Therefore, in addition to a comparison of energetics in the 
physical domain where the energies and conversions are calculated directly 
from the grid data, a comparison of energetics in the spectral domain is 
also presented. 
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C. Outline 
A brief description of the GLAS CM and the NCAR CCM and the history 
data of model simulations used in this study are provided in Section II. 
Since the main concern of this study is the comparison of the energetics 
of standing eddies between these two models, particular attention is 
focused on the major differences in the external forcing processes between 
these two models. 
The data used in this study were generated from the winter and summer 
simulations of the GLAS CM and the NCAR CCM. Both sets of data are global 
in extent. In the troposphere, the standing eddies are observed to be most 
active in the Northern Hemisphere during winter. In addition, the ob­
servational data and documentations are most abundant in the winter 
Northern Hemisphere to afford a valid verification against the model. 
Therefore, 3-dimensional comparisons in the physical domain are presented 
in Section III for the winter Northern Hemisphere only. The energetics 
in the summer Northern Hemisphere and in the Southern Hemisphere are dis­
played in the Appendix. 
In order to have a systematic account for the role played by various 
scales of motion, the energy variables and conversions are further re­
solved into one-dimensional Fourier components around latitude circles. 
The latitude-pressure cross-sections of long-wave (wavenumbers 1-4) and 
short-wave (wavenumbers greater than 4) regimes are presented in Section 
IV. 
Section V is devoted to the concluding remarks. 
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II. MODELS AND DATA 
A. The GLAS Climate Model (CM) 
The GLAS CM is described in detail by Shukla et al. (1981) and Hal em 
et al. (1979). It is a global primitive-equation model integrated by the 
finite-difference methods. The model is developed in the sigma vertical 
coordinate system with nine levels (all of the same a thickness) between 
the surface and the top at 10 mb, and a 4x5 degree latitude-longitude 
grid. The model incorporates a "split grid" in which the number of grid 
points on a latitude circle is systematically reduced near the poles. 
This allows the use of a ten-minute time step, with only weak longi­
tudinal smoothing at high latitudes. The finite differencing algorithm, 
which is a revised version from the original Arakawa scheme, main­
tains the quasi-conservation property of mean-square vorticity. The 
Matsuno forward-backward time differencing scheme, which tends to damp 
high frequencies, is used. Once every simulated half hour, a sixteenth-
order Shapiro filter (Shapiro, 1970) is applied, in the longitudinal 
direction, to the sea-level pressure, and to the potential temperature and 
the wind components on the a surfaces. It is found that filtering the 
potential temperature on the cr surfaces leads to a systematic cooling of 
the air over mountains, and a systematic warming in the neighboring 
valleys. Filtering of the winds dissipates kinetic energy, and filter­
ing of the sea level pressure interferes with every conservation property 
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of the model (except mass conservation). 
The seasonal variation of model forcing is imposed by changing the 
solar zenith angle during the course of integration. Sea-surface tempera­
ture (from NOAA/GFDL), surface albedos (from Posey and Clapp, 1964) and 
snow-ice distributions (from British Met. Office, 1977; Matson, 1978) are 
updated daily by a linear interpolation between the midpoints of two 
consecutive months. Soil moisture is considered as a prognostic variable 
as developed by Lin et al. (1978) following the UCLA model (Arakawa, 1972). 
The topography (from NASA/GISS) has been greatly smoothed, and the land-
surface heights for Greenland substantially reduced (Shukla et al., 1981; 
Figure 3.1a). 
The condensation and cloud are generated by two different mechanisms: 
large-scale supersaturation and parameterized moist convection. The 
model uses the cumulus parameterization developed by Arakawa (see 
Haltiner, 1971), but as modified for use in a nine-level GCM by Somer-
ville et al. (1974; see also Helfand, 1979). The model also includes the 
latent heat release due to large-scale saturation, which occurs when the 
relative humidity exceeds 100 percent. The planetary boundary layer (PBL) 
parameterization was formulated by Katayama (as reported by Arakawa, 1972), 
modified by Somerville et al. (1974) and revised by Sud and Abeles (1981). 
The surface stress and fluxes of sensible heat and water vapor are param­
eterized by drag laws, with the drag coefficients being functions of wind 
speed, static stability, type of surface, and surface height (to simulate 
mountain drag). The change in boundary temperature for land* ice and 
snow locations is predicted from the net surface heating or cooling due 
to radiative, sensible heat, and latent heat fluxes. There is no explicit 
subgrid-scale horizontal diffusion in the model. Subgrid-scale vertical 
diffusion is parameterized by simple diffusion laws. 
The long-wave radiation parameterization of the current model is 
based on the method of Wu (1976), Wu et al. (1978) and Wu (1980). In 
order to calculate the incoming long wave flux at the 10 mb level, zon-
ally-averaged climatological temperatures at 1 mb and 5 mb are prescribed. 
The absorption of solar radiation is computed using a parametric method 
with the formula and the coefficient based on accurate multiple-scatter­
ing computations. In this treatment, the absorption varies with the 
amount and type of clouds, the humidity, the zenith angle of the sun, and 
the albedo of the earth's surface; within the stratosphere, the absorption 
also depends on the ozone distribution. In the model, the solar zenith 
angle varies diurnally and seasonally, and the solar flux varies season­
ally. 
The data analyzed in this study were generated from a winter (D150) 
and a summer (0162) simulation which used the NMC observational analysis 
data of 0000 GMT 1 January and 15 June, 1975, respectively, as the initial 
condition. Each simulation was run for three months. The data in the 
history tape of each simulation were interpolated to nine pressure levels: 
945, 835, 725, 615, 505, 395, 285, 175 and 65 mb. Based upon the time 
evolution of model energy, the first ten days of each simulation were not 
used to avoid the initial adjustment. Therefore, the 80-day mean is 
regarded as the time-mean mode, while the departure from this time-mean 
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mode is regarded as the transient mode. 
B. The NCAR Community Climate Model (CCM) 
The NCAR CCM is illustrated in detail by Pitcher et al. (1983). The 
formulation of the NCAR CCM is essentially the same as the general circula­
tion model developed by Bourke (1974) and Bourke et al. (1977), with many 
of the essential features summarized in McAvaney et al. (1978). The most 
significant difference is the incorporation of a cloud/radiation formula­
tion described in detail by Ramanathan et al. (1983). It is a global 
primitive-equation model formulated in terms of spherical harmonics with 
the rhomboidal wavenumber truncation of |m| (longitudinal wavenumber) and 
n (degree of associated legendre function) = 15. The model is based on 
the Sigma vertical coordinate system with nine levels (the same as for the 
GLAS climate model) between the surface and the top at 10 mb. The model 
dynamics employ a spectral-to-grid transform, with 40 Gaussian latitudes 
between poles (with spacing of approximately 4.4°) and 48 equally-spaced 
longitude points (with spacing of 7.5°). In contrast to the finite-
difference method of the GLAS CM, the NCAR CCM is integrated in terms of 
the spectral methods, and is advanced in time by a semi-implicit time 
integration with a time step of 30 minutes. 
Included in the model are the following parameterized physical proc­
esses: convection and condensation after the convective adjustment 
scheme of Manabe et al. (1965); stress at the surface and fluxes of 
sensible and latent heat following a bulk aerodynamic formulation with 
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the assumption of no heat storage over land; and interactions with sub-
grid-scale motions through horizontal and vertical diffusions. Moisture 
in excess of 80 percent relative humidity is precipitated without evapora­
tion of the condensate in intervening layers. 
Detailed descriptions of the radiation and the interactive cloud 
model are given in Ramanathan et al. (1983). The clear-sky radiative 
calculation is separated into shortwave (including, besides Rayleigh 
scattering, absorption by 0^, HgO, COg, and Og) and longwave (considering 
absorption and emission by COg, HgO and Og). Clouds are formed in the 
model interactively and may be of the convective or nonconvective type. 
The data from which the model topography was derived were taken from 
Smith et al. (1966). The values over the Ocean were set to zero, and then 
the entire field was smoothed and interpolated to the Gaussian grid. The 
"rough topography" was selected as the standard topography of the model 
(Pitcher et al., 1983; Figure la). It is noted that the topography is 
smoother over the Rocky, Andes and Himalaya mountains in the NCAR COM 
than in the GLAS CM. 
The data used in this study were generated by the CCM Version 0, with 
perpetual forcing, i.e., sea-surface temperature, sea-ice distribution and 
solar zenith angle are held constant at their January or July values. The 
model was initialized from real data and integrated for 200 days, then, 
the Ramanathan radiative treatment was introduced and integration was 
carried out for another 200 days. The data in the history tape of the 
simulation were interpolated to seven pressure levels: 1000, 850, 700, 
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500, 300, 200, and 100 mb. The computation of this study uses the last 
90 days. In other words, the final 90-day mean is considered as the 
time-mean mode, and the departure from this time-mean mode is used as 
the transient mode. 
C. Major Differences Between These Two Models 
Our main concern is the differences in the external forcings that 
related to the existence of standing eddies between these two models. They 
are summarized in the following. 
It is noted that the distribution of continents and oceans in the 
NCAR CCM (Pitcher et al., 1983; Figure la) is very similar to the GLAS CM 
(Shukla et al., 1981; Figure 3.1a). The topography is somewhat smoother 
over the Rocky, Andes and Himalaya Mountains in the NCAR CCM than in the 
GLAS CM. 
In the GLAS CM, the seasonal variation of model forcing is imposed 
by changing the solar zenith angle during the course of integration. Sea-
surface temperature, surface albedos and snow-ice distributions are up­
dated daily by a linear interpolation between the mid-points of two con­
secutive months. Soil moisture is considered as a prognostic variable. 
In the NCAR CCM, perpetual forcing is adopted, i.e., the solar zenith 
angle, sea-surface temperature and sea-ice distribution are held constant 
at their January or July values. 
More importantly, the cloud and radiation treatments are different 
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between these two models. It would be difficult to specify the separate 
formulation in each model and identify the exact difference. However, 
through extensive experiments, Ramanathan et al. (1983) identified the 
following processes that are responsible for the improved GCM simulations: 
(i) careful treatment of the upper boundary condition for 0^ solar heating; 
(ii) temperature dependence of longwave cooling by COg 15 ym bands; (iii) 
latitudinal distribution of lower stratospheric HgO longwave cooling; (iv) 
dependence of cirrus emissivity on cloud liquid water content. 
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III. COMPARISON FOR THE ENERGETICS OF 
STANDING AND TRANSIENT EDDIES IN THE PHYSICAL DOMAIN 
BETWEEN THE GLAS CLIMATE MODEL AND THE NCAR COMMUNITY CLIMATE MODEL 
Following an approach similar to Holopainen (1970), the eddy energies 
and their related conversions in the Lorenz energy cycle (Lorenz, 1967) 
are further split into the standing (time-mean) and transient (time-
departure) components to study their energetics. In this section, the 
energetics of standing and transient eddies are examined in the physical 
domain. The various energy components and conversions are calculated 
directly from the grid point data, without further splitting into Fourier 
components as in the spectral energetics in the next section. It was found 
that, after summing up the contributions from all Fourier components, the 
energetics in the spectral domain are very similar to those in the physical 
domain. Therefore, only one set of figures describing the energetics of 
standing and transient eddies is shown in this study. 
In the troposphere, the standing eddies are observed to be most active 
in the winter Northern Hemisphere. In addition, the observational data and 
documentations are most abundant in the winter Northern Hemisphere to 
afford a valid verification against the model. Therefore, only the de­
tailed energetics in the Northern Hemisphere during winter are presented 
in this section. 
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A. Formulation of Energy Equations 
The energy equations are formulated in the mixed space-time domain 
using Lorenz's (1955) approximate expression for the available potential 
energy. A variable X can be written as 
X = [X] + X* + X' 
where the terms on the right hand side denote the component of X asso­
ciated with the zonally-averaged time mean flow, standing eddies and 
transient eddies, respectively. X denotes the time average of X, and 
the departure X' = X-Y. [X] denotes the zonal average of X, and the 
departure X* = X-[X]. 
The kinetic energy of the horizontal motion, integrated over the 
entire atmosphere and averaged in time, can be expressed as 
K = Y ^)dpds = K; + Kg + 
where 
Kj = I (Kl^ + lxl^)dpds, 
Ks = I + V^ )dpds, 
Ky + v'^)dpds, 
and Kg = Kg + Ky. 
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The available potential energy can similarly be written as 
A = I V(T - Tj^ dpds = A; + A; + Ay, 
where 
*z " i i CpYm"^<pds. 
\ = i i Cpirf^dpds. 
and 
Ae = Ag + A^. 
In these expressions, (~) denotes a global average and { )" the departure 
from it. Y is the stability factor defined as 
RCp"^p"\lOOO/p)'^/^p(-98^/9p)"^. 
The eddy energy equations can be derived from the equations of motion 
and the thermodynamic energy equation, 
BKg/at = C(Ag, Kg) - C(Kg, K^) - C(Kg, Ky) - D(Kg) + B(Kg) 
3Kp/9t = CÇAp, Ky) - C(Ky, K^) + C(Kg. IC^) - D(Ky) + B(Ky) 
aAg/at = CfAg, Ag) - [(Ag, Kg) - C(Ag, Ay) + G(Ag) + B(Ag) 
9Ay/9t = Ay) - C(Ay, Ky) + C(Ag, Ay) + G(Ay) + B(Ay) 
where 

[i ' o/i^f ' (^*'9 
spdp-{ r,m,$l - [,A,$] *A-
•A-lir]^ "li*^]''"([è^^)'' 
[if\ ^  "( "[è 
spdp 1^ -A-
[^-]r • ([^^) r " t^ "i] •'" ([ytji')''" 
[i-]? • (tih) f -[i ^  -(M4-I 
spdp I [tj.A] - [Iiin]-| 0 Jjl = ("Sija 
spdpj - [^]-| Jy = {S)a 
spdp [,0,i]A = (^V)9 
spdp ojjj = {^V)0 
IZ 
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C(X, Y) is the conversion from X to Y, 6( ) is the generation of available 
potential energy, D( ) Is the dissipation of kinetic energy» and B( ) is 
the boundary flux term. 
The terms involving the generation, dissipation and boundary flux of 
energies are not evaluated in this study. The vertical integrations are 
performed from 1000 to 0 mb, while the area integrations cover 0° to 80°.. 
B. Eddy Available Potential and Kinetic Energies 
Available potential energy 
In the middle and lower troposphere, the cross-sections of Ag in the 
NCAR CCM (Figure 13a) and the GLAS CM (Figure 14a) are similar to the ob­
servations of Chen and Buja (1983) and Peixoto and Gort (1974). However, 
in the lower stratosphere, the relatively intense maximum in the GLAS CM 
does not exist in the NCAR CCM. Although a secondary maximum was also 
observed in the lower stratosphere, the center of Ag in the GLAS CM is 
stronger and displaced toward the equator. 
In the mid-troposphere, Ag is weaker in the GLAS CM than in the NCAR 
CCM, and both are weaker than the observations of Chen and Buja (1983) and 
Chen (1982). While Ay in the NCAR CCM is comparable to the observations. 
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the peak value in the GLAS CM is stronger. 
Near the surface, while Ag in the GLAS CM is similar to Chen and Buja 
(1983), the peak value in the NCAR CCM is stronger. In contrast, the 
marked Ay in the GLAS CM does not appear in the NCAR CCM or in the ob­
servations. 
In the lower stratosphere, both Ag and Aj are stronger and displaced 
toward the equator in the GLAS CM compared to the observations. In the 
NCAR CCM, Ay is comparable to Chen (1982) and much weaker than Chen and 
Buja (1983), whereas Ag is much weaker than both observations. 
It is noted that the distributions of A- and A, reflect the distribu-
_^2 2 tions of T and T' , respectively. The horizontal distributions of the 
vertically integrated available potential energy of standing eddies (<Ag>) 
in both models (Figures la and Ic) show maximum amplitudes near 50°N, 
located over the eastern oceans and the eastern part of the two major land 
masses. These are seen to capture well the major features observed by 
Lau (1979b) of the distribution of standing eddy 850-300 mb thickness. 
The two marked centers located over the eastern oceans correspond approxi­
mately to the ridges in the stationary wave pattern, while the other two 
centers over the eastern continents correspond to the troughs. 
In the mid-troposphere, the horizontal distributions of Ag (not 
shown) in both models exhibit the same features as depicted in Figures la 
and Ic, except the maximum centers over eastern North America are absent. 
Further examination reveals that the magnitude over eastern Asia is more 
intense in the NCAR CCM than in the GLAS CM, while the opposite is true 
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Figure 1. Horizontal distribution of (a) <Ag> in the NCAR CCM, (b) <A^> 
in the NCAR CCM, (c) <A5> in the GLAS CM, and (d) <A^> in the 
GLAS CM, in the Northern Hemisphere during winter. 
Units: lO^Jm ^ 
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over the west coast of North America. In other words, the weak Ag in the 
mid-troposphere of both models is due to the fact that the observed two-
wave structure of the thermal field is not properly simulated. In addi­
tion to the weak thermal ridge over the west coast of North America in 
the NCAR CCM and the weak thermal trough near Japan in the GLAS CM, the 
thermal trough over eastern North America is missing from both models. 
Near the surface (not shown), the two-wave thermal structures similar 
to Figures la and Ic exist in both models. Although both models indicate 
that the marked centers near Japan and Iceland dominate the distributions, 
the magnitudes of both centers are much stronger in the NCAR CCM than in 
the GLAS CM, which explains the contrast seen in Figures 13b and 14b. 
In winter, the observed two-wave thermal structure in the troposphere 
of Northern Hemisphere is closely related to the contrast between the warm 
oceans and the cold continents (Lau, 1979b; Saltzman and Sankar Rao, 1963). 
The fixed sea surface temperature in the NCAR CCM may partially explain 
the stronger Ag in the middle and lower troposphere in the NCAR CCM than 
in the GLAS CM. Since Ag does not appear to be weak near the surface in 
both models, the weak Ag in the mid-troposphere may be mainly due to the 
improper treatment of diabatic heating. 
In the lower stratosphere (not shown), in the GLAS CM, a marked center 
of Ag at 35°N over the western Pacific Ocean accounts for the much too 
strong and equatorward displaced maximum center shown in Figure 14d. In 
the NCAR CCM, although a belt of Ag exists near 50°N over the Pacific 
Ocean, its intensity is too weak. This indicates that the simulated warm 
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belt is too diffuse and lacks a southwest-northeast spiral in the NCAR 
CCM (Pitcher et al., 1983). The observed warm belt is believed to be due 
to the radiative heating. The strong contrast between these two models 
is worth noting. 
The horizontal distributions of the vertically integrated available 
potential energy of transient eddies (<Ay>) (Figures lb and Id) show that 
in both models marked amplitudes appear around 60°N, located near Alaska, 
Greenland, the Bering Sea, and the eastern North America, with a tendency 
of greater intensity over the land masses than over the oceans. These 
capture well the major features observed by Blackmon et al. (1977) of the 
standard deviation of 850 mb temperature. The marked intensity at high 
latitudes may be due to the temporal variation of the prevailing arctic 
air masses, and that in mid-latitudes is closely related to the two major 
oceanic storm tracks. In both models, the horizontal distributions of 
<Aj> are found closely related to those of <Ag>, with marked <Aj> occur­
ring to the north of marked <Ag>, except near Iceland. 
In the mid-troposphere (not shown), the marked Ay near Alaska and 
Greenland are stronger in the GLAS CM than in the NCAR CCM, which may ex­
plain the stronger than observed peak value shown in Figure 17f. However, 
in mid-latitudes, while the NCAR CCM exhibits marked Ay over both oceanic 
storm tracks, the GLAS CM displays strong Ay over the Pacific storm track 
and weak Ay over the Atlantic one. 
Near the surface (not shown), the marked centers of Ay over Alaska, 
Greenland and the Bering Sea in the GLAS CM mainly account for the strong 
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intensity in Figure 17f. 
In the lower stratosphere (not shown), although both models indicate 
intense centers of Aj over central Pacific and Atlantic Oceans in mid-
latitudes, the magnitudes are much stronger, especially over the Pacific 
Ocean, in the GLAS CM. This explains the sharp contrast between Figures 
13f and 14f. 
2. Kinetic energy 
The cross-section of Kg in the NCAR CCM (Figure 16a) is similar to 
the observations (e.g., Chen and Buja, 1983; Chen, 1982; Peixoto and Oort, 
1974; Newell et al., 1974), although the peak value is somewhat weaker. 
However, Kg in the GLAS CM (Figure 17a) is not only quite different from 
the NCAR CCM but also much weaker. 
In the NCAR CCM, Kg is dominated by Ky( Figure 16f), and the maximum 
of Ky is somewhat to the north of Kg( Figure 16d), similar to Chen and 
Buja (1983) and Chen (1982). However, the peak values of Kg and Ky are 
slightly weaker. 
In the GLAS CM, Ky (Figure 17f) also dominates over Kg (Figure 17d). 
However, it appears that the weak Kg in mid-latitudes is caused mainly by 
Ky, although near 200 mb Kg is also weak (Chen et al., 1981b). In addi­
tion, large Kg and Ky exist in the top level of the GLAS CM, in contrast 
to the NCAR CCM and the observation. 
In the NCAR CCM, the most outstanding feature in the horizontal dis-
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tribution of the vertically integrated kinetic energy of standing eddies 
(<Kg>) (Figure 2a) is the marked center near Japan, which is closely 
related to the strong jet stream there (Pitcher et al., 1983; Chen and 
Lee, 1983b). Other centers of intense <Kg> occur in the eastern Pacific 
and Atlantic Oceans. There is also a center of <Kg> east of the United 
States, although it does not appear as an intense one, which corresponds 
to another jet stream there. These characteristics are similar to 
Murakami (1963) of the annual mean Kg at 500 mb. It is also noted that 
in mid-latitudes the distribution of <Kg> is closely related to <Ag>, with 
marked centers of <K^> occurring to the southeast of <Ag>. The somewhat 
weak Kg in Figure 16d may be caused by the weak Kg associated with the jet 
stream near the United States, where the simulated thermal trough is also 
weak (Figure la). 
In the GLAS CM, two pronounced centers of <Kg> (Figure 2c) exist near 
Japan and over the eastern Atlantic Ocean. The marked <Kg> near Japan is 
related to the jet stream there (Shukla et al., 1981; Chen and Lee, 1983b), 
although it is much weaker than its counterpart in the NCAR CCM. The 
vertical distribution (not shown) further reveals that it is stronger than 
its counterpart above 200 mb, but is much weaker below 200 mb. The marked 
center over the eastern Atlantic Ocean is stronger than the one near 
Japan, and is much stronger than its counterpart in the NCAR CCM. The 
vertical distribution indicates that it is stronger than the one near 
Japan below 200 mb, and is stronger than its counterpart in the NCAR CCM 
at all levels. In the GLAS CM, Kg associated with the jet stream near 
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the United States is also not strong enough, similar to the NCAR COM. In 
addition, the marked center in the western Pacific Ocean near the equator, 
contributed mostly by the top level, does not have a counterpart in the 
NCAR CCM. 
Blackmon et al. (1977) and Lau (1978) observed that the western and 
central portions of the mid-latitude oceans, which exhibit strong temporal 
fluctuations in geopotential height, temperature and wind, are seen to be 
favored sites for baroclinic wave activities. Lau (1979a) reported that 
the baroclinic disturbances, forming near the east coasts of Asia and 
North America, evolve through their life cycle as they move along well-
defined storm tracks across the mid-latitude oceans and end in the decay 
regions over the western continents. The vertically integrated kinetic 
energy of transient eddies (<Kj>) in the NCAR CCM (Figure 2b) captures 
well the aforementioned features of the transient disturbances. Strong 
<Kj> appear in the mid-latitude oceans of Pacific and Atlantic, down­
stream and to the north of intense <Kg>. This is also consistent with 
the observation of Holopainen (1978) that maximum <Ky> exist northeast of 
maximum <K> where strong baroclinicity prevails. 
In the GLAS CM, although the distribution of <ICy> (Figure 2d) is 
similar to the NCAR CCM, the intensity is much weaker, which explains 
the contrast between Figures 16f and 17f. 
C. Energy Conversions 
1. Conversion between zonal (A^) and eddy (A^) available potential energy 
Positive A^) implies conversion from to Ag through down-
gradient eddy sensible heat transport. In mid-latitudes of the mid-
troposphere, where strong eddy sensible heat transport and zonal tempera­
ture gradient prevail, both models (Figures 19a and 20a) show strong 
positive conversions, similar to the observations (e.g., Chen and Buja, 
1983; Chen, 1982; Oort and Peixoto, 1974; Newell et al., 1974). In mid-
latitudes of the lower stratosphere, a center of negative conversion was 
observed and was related to the negative zonal temperature gradient due 
to the cold tropics and the warm belt near 45°N. However, while the 
negative conversion in the NCAR CCM is too weak, the strong positive con­
version in the GLAS CM is opposite to the observation. 
In the middle and lower troposphere, in the NCAR CCM, the cross-
sections of CfA^, Ag) (Figure 19d) and CfA^, Ay) (Figure 19f) are similar 
to Chen and Buja (1983), although the peak value of C(A2, Ag) is weaker. 
It is noted that both the peak values of CfA^, Ay) and [v'T'] (Figure 9f) 
are similar to Chen and Buja (1983), indicating the zonal temperature 
gradient is properly simulated. Therefore, the weak [v*T*J (Figure 9d), 
as compared to Chen and Buja (1983) and Chen (1982), may explain why 
C(A2, Ag) is weaker than observed. In the GLAS CM, although [v'T'J 
(Figure 10) is somewhat stronger than the NCAR CCM, C^A^, Ay) (Figure 20f) 
is weaker, indicating the zonal temperature gradient may be too weak. 
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While [v*T*] (Figure 9d) are comparable between these two models and are 
both weaker than the observation, CCA^, Ag) is much weaker in the GLAS CM 
(Figure 20d) than in the NCAR CCM (Figure 19d), due to the weak zonal 
temperature gradient. 
In mid-latitudes of the lower stratosphere, the NCAR CCM simulates 
a warm belt near 45°N and positive [v*T*l and [v'T'] that are all weaker 
than the observed. These explain the weak negative conversions in Figures 
19d and 19f. In the GLAS CM, although [v*T*] and [v'T'] are similar to 
the NCAR CCM, a very weak warm belt near 30°N and the abnormally cold 
polar stratosphere cause the sharp contrast in the conversion between 
these two models. 
In the NCAR CCM, the horizontal distribution of v*T* at 850 mb 
(Figure 3a) shows that around 45°N, where strong positive gradient of 
zonal temperature occurs, there are marked positive v*T* over eastern 
Siberia and the Gulf of Alaska that correspond well with the observation 
of Blackmon et al. (1977), although both are somewhat weaker. More 
importantly, the observed strong positive heat flux, due to the northward 
transport of warm air, that occurs over the central North Atlantic does 
not appear in the model. Although a thermal ridge exists there (Figure 
la), V' is very weak in the model. This mainly accounts for the weak 
C(A2, Ag) in the NCAR CCM. It is noted that the aforementioned features 
at 850 mb are representative in the middle and lower model troposphere. 
In the GLAS CM, the horizontal distribution of v*T* near 850 mb 
(Figure 3c) captures well the three observed positive centers, although 
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somewhat stronger over eastern Siberia and the Gulf of Alaska. Therefore, 
the weak CCA^, Ag) is mainly caused by the weak zonal temperature gradient 
in mid-latitudes. 
In the NCAR COM, the horizontal distribution of v'T' at 850 mb 
(Figure 3b) shows that marked transports are closely related to the major 
storm tracks, with intensities similar to Blackmon et al. (1977). This, 
in addition to a properly simulated zonal temperature gradient, explains 
why C(A2, Ay) in Figure 19f compared well with the observation. 
In the GLAS CM, v'T' near 850 mb (Figure 3d) has similar features and 
intensity as the NCAR CCM. Therefore, its weaker [(A^, Ay) comes primarily 
from the weaker zonal temperature gradient. 
2. Conversion between eddy available potential (Ag) and kinetic 
energy (Kg) 
Positive C(Ag, Kg) implies conversion from Ag to Kg through warm air 
rising or cold air sinking. In mid-latitudes of the mid-troposphere, 
where strong baroclinicity exists, both models (Figures 22a and 23a) show 
positive conversions somewhat stronger than the observations (e.g., Chen 
and Buja, 1983; Chen, 1982; Chen et al., 1981a). This may be due to the 
smoothing in estimating the vertical velocity field in the observation. 
In the lower stratosphere, these two models behave quite differently. 
In the mid-troposphere, in the NCAR CCM, both C(Ag, Kg) and C(Ay, Ky) 
(Figures 22d and 22f) are stronger than the observation. In the GLAS CM, 
while C(Ay, Ky) (Figure 23f) is stronger than the NCAR CCM, C(Ag, Kg) 
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(Figure 23d) is much weaker than the NCAR CCM and the observation. 
In the lower stratosphere, in the NCAR CCM, while the negative 
C(Ay, Ky) is stronger than the observation, the negative C(Ag, Kg) is 
weaker. In the GLAS CM, in mid-latitudes, while the conversions of 
C(A^, Kg) are comparable to Chen and Buja (1983), the conversions of 
C(Ay, Ky) are stronger. Also, the positive conversions of C(Ag, Kg) 
and C(Aj, Ky) at low latitudes are too strong. 
In both models, the pronounced features in the horizontal distribu­
tion of C(Ag, Kg) at 500 mb (Figures 4a and 4c) are the strong positive 
centers over the east coast of Asia and the west coast of North America. 
Referring to the two-wave thermal structure in Figures la and Ic, it is 
noted that the former center is due to the sinking of cold air, and the 
latter the rising of warm air. The just-mentioned features of vertical 
velocity field is similar to Lau (1979b). It is worth noting that the 
peak values of both positive centers are stronger in the GLAS CM than in 
the NCAR CCM. Therefore, the weak conversion in the cross-section of 
C(Ag, Kg) in the GLAS CM (Figure 23d) is caused by the strong negative 
conversions in Figure 4c. 
In the lower stratosphere (not shown), in the NCAR CCM, while T* 
reverses its sign, the horizontal distribution of w*, although with 
smaller magnitude, corresponds well with that at 500 mb. Therefore, 
C(Ag, Kg) is negative and weak. However, the less distinct warm belt 
may explain the weaker than observed C(Ag, Kg) in Figure 22d. In. the 
GLAS CM, it appears that the strong conversions are due to the strong T* 
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field. 
In both models, the marked features in the horizontal distribution 
of C(Aj, Kp) at 500 mb (Figures 4b and 4d) are the strong conversions over 
the two major storm tracks. These correspond well with Lau (1979b) and 
Oerlemans (1980) of the distribution of -w'T'. 
3. Conversion between eddy (Kg) and zonal (K^) kinetic energy 
Positive C(Kg, K^) implies conversion from Kg to K^ through counter-
gradient flux of angular momentum, known as the phenomena of negative 
eddy viscosity (Starr, 1968). Both models (Figures 25a and 26a) show 
positive conversion south of the jet, negative conversion north of it, 
and positive conversion at higher latitudes, similar to the observations 
(e.g., Chen and Buja, 1983; Chen, 1982; Oort and Peixoto, 1974; Newell 
et al., 1974). However, the pattern and the intensity are quite different 
between these two models. 
In the NCAR CCM, in mid-latitudes, where [ii*v*] (Figure lid) and the 
positive C(Kg, K^) (Figure 25d) are comparable to Chen and Buja (1983), the 
negative C(Kg, K^) is somewhat stronger. This indicates that the gradient 
of mean zonal flow, compared to the observation, is similar south of the 
jet but stronger north of it. Together with the weak [u'v'] (Figure llf), 
this explains why in Figure 25f the positive conversion is weaker, but 
the negative conversion is comparable to the observation. At high lati­
tudes, both C(Kg, K^) and C(Ky, K^) are weaker than the observed. This 
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may be due to the weak eddy momentum flux there. 
In the GLAS CM, in mid-latitudes, C(Kg, K^) (Figure 26d) is very 
strong at the top level, which does not appear in the NCAR COM or in the 
observation. This is closely related to the increase with height of the 
mean zonal flow (Shukla et al., 1981; Chen and Lee, 1983a) and [u*v*] 
(Figure 12d). In the lower stratosphere, although the positive [u'v'] 
(Figures llf and 12f) is weaker than the NCAR CCM and the observation, 
both the positive and negative C(Ky, K^) (Figure 26f) are stronger. This 
suggests that the gradient of mean zonal flow may be too strong in the 
GLAS CM. The positive C(Ky, K2) near 50°N is stronger than Chen and Buja 
(1983), which may be caused by the stronger [u'v'] in the GLAS CM. The 
opposite is true for C(Kg, K^) at high latitudes. 
In the NCAR CCM, the horizontal distribution of TTV* at 200 mb 
(Figure 5a) shows that south of the jet (35°N) the three prominent 
positive centers over central Pacific and Atlantic Oceans and near Japan 
primarily account for the conversion from Kg to in Figure 40d. Around 
45°N, where the gradient of mean zonal flow reverses, the intense positive 
centers near Japan, over the west coast and to the east of the United 
States are the major locations for the conversion from to Kg. More 
importantly, these centers correspond well with the intense Kg in Figure 
2a. This situation suggests that in these regions Kg are maintained by 
energy conversion from the mean zonal flow. Around 60°N, the weak negative 
centers over the Bering Sea and western Canada are mainly responsible for 
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the weak positive conversion in Figure 25d. 
In other words, while the standing eddies act to maintain the mean 
zonal flow over the central Pacific and Atlantic Oceans near 30°N, over 
western Canada and the Bering Sea, the mean zonal flow maintains the 
standing eddy kinetic energy over both oceanic storm tracks and the west 
coast of the United States. 
In the GLAS CM, the horizontal distribution of u*v* at 175 mb 
(Figure 5c) shows that south of the jet (35°N) the positive centers over 
central Pacific Ocean, western Atlantic Ocean and northern Africa, which 
account for the positive C(Kg, K^) in Figure 26d, are strongly opposed by 
the negative transports over eastern Atlantic Ocean and western Pacific 
Ocean. This explains why the positive conversion in the cross-section of 
C(Kg, K^) is weaker in the GLAS CM than in the NCAR CCM, although locally 
they are comparable. Around 45°N, where the gradient of mean zonal flow 
reverses, intense positive centers appear at the similar locations as the 
NCAR CCM, although the one over the west coast of the United States is 
stronger, and the one near Japan is weaker. In contrast, the negative 
fluxes in the GLAS CM are stronger than the NCAR CCM. Around 60°N, 
similar to the NCAR CCM, the negative centers over the Bering Sea and 
western Canada mainly account for the positive C(Kg, K^). However, in the 
GLAS CM, the center over the Bering Sea is much stronger than the NCAR CCM. 
Lau et al. (1978) showed that the horizontal distribution of u'v' at 
250 mb possesses dipole-like patterns over the western and central oceans 
with positive values south of 45°N and negative values to the north, and 
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positive fluxes over the western continents. The horizontal distributions 
of u'v' at 200 mb in NCAR CCM (Figure 5b) and at 175 mb in the GLAS CM 
(Figure 5d) indicate that these major features are properly simulated. 
In other words, while transient eddies act to maintain the mean zonal 
flow over oceans around 25°N and 55°N, the mean zonal flow maintains the 
transient eddy kinetic energy over both oceanic storm tracks and the west 
coast of the United States. However, in sharp contrast to the observa­
tion, negative fluxes occur over the western Pacific Ocean in the NCAR 
CCM, and the positive fluxes over the western United States are too weak 
in the GLAS CM. 
4. Conversion between standing (Ag) and transient (Ay) available 
potential energy 
The interaction between Ag and Ay, C(Ag, Ay) is mainly determined by 
the correlation between the divergence of transient eddy heat fluxes 
(v-V'T'^) and the standing eddy temperature field (T*). Positive C(Ag, Ay) 
implies conversion from Ag to Ay. Both models display the strong resem­
blance between C(Ag, Ay) (Figures 6a and 6b) and Ag (Figures 13d and 
14d). Near the surface, in the NCAR CCM, although Ag is stronger than the 
GLAS CM, the positive C(Ag, Ay) is weaker. In the mid-troposphere, both 
Ag and C(Ag, Ay) are stronger in the NCAR CCM than in the GLAS CM. It 
seems that the transient eddy heat fluxes are very effective in destroying 
the standing eddy available potential energy in both models. In the lower 
stratosphere, while negative conversion prevails in the NCAR CCM, positive 
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conversion increasing with height exists in the GLAS CM. 
In both models, the horizontal distribution of <C(Ag, Ay)> (Figures 
7a and 7b) show that strong positive conversions occur at locations where 
Ag are intense. The thermal troughs are associated with the convergence 
of transient eddy heat fluxes, and the thermal ridges are related to the 
divergence of fluxes. This agrees with the study of Lau (1979b) who 
noted that there is a strong correspondence between the patterns of tran­
sient eddy heat flux convergence and the standing eddy temperature field 
at 700 mb. 
Youngblut and Sasamori (1980) estimated the role of nonlinear term 
due to transient eddies in maintaining the stationary geopotential field 
and suggested that the statistical effect of the transient eddies is to 
dissipate the time-mean wave. This situation is consistent with the strong 
conversion from Ag to Ay calculated from these two models. Furthermore, 
Sasamori and Youngblut (1981) estimated the effective eddy diffusivity and 
found that it is significantly larger than the theoretical prediction by 
Stone (1974) and Sasamori and Melgarejo (1978), both of which assumed the 
statistical effect of synoptic-scale disturbances maintained by the baro-
clinic instability. This comparison led them to the suggestion that the 
dissipative effect of transient motions is not entirely due to synoptic-
scale eddies but also arises from the planetary-scale transient waves. 
This situation can be seen clearly from Figures 7a and 7b that the positive 
conversion from Ag to Ay occurs at both large and synoptic scales. 
To implement the theoretical interpretation on the large-scale 
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dissipative role of the transient motions, Sasamori and Youngblut (1981) 
made a linear stability analysis, using simple quasi-geostrophic models 
on the mid-latitude g-plane. Their analysis suggested an additional 
dissipative role of transient motions which is different from the eddy 
mixing originating from the baroclinic instability of the zonal mean flow. 
The result suggested that the planetary wave maintained by external 
sources is likely to be unstable to small perturbation. The perturbations 
grow at the expense of the energy of the forced wave and the external 
source continually supplies the energy lost from the force wave, thus 
maintaining the stationary energy balance. They further suggested that the 
perturbations superimposed on the basic state with wavenumber three are 
likely to be unstable. These theoretical implications can be seen to 
agree with the features in these two models. 
In the lower stratosphere (not shown), a strong positive center south 
of Alaska dominates the conversion in the GLAS CM. In contrast, in the 
NCAR CCM, while a much weaker positive center occurs at the same location, 
negative conversions prevail over the rest of the mid-latitudes. 
5. Conversion between standing (Kg) and transient (Ky) kinetic energy 
The interaction between Kg and Ky, C(Kg, K^), is primarily determined 
by the correlation between the divergence of transient eddy momentum 
fluxes (vV'u'*) and the standing eddy velocity field f^). Positive 
C(Kg, Ky) implies conversion from Kg to Ky. Both models show the strong 
resemblance between C(Kg, Kj) (Figures 6c and 6d) and Kg( Figures 16d 
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and 17d). Also, both models display strong positive conversions near the 
jet center where both Kg and the divergence of horizontal transient eddy 
momentum flux are strong, and negative conversions north of the jet where 
convergence of fluxes occurs. Murakami (1963) showed that the conversion 
is positive in mid-latitudes and is negative in higher and lower latitudes. 
However, the strong conversions at the top level of the GLAS CM do not 
exist in the NCAR CCM or in the observation. 
In the NCAR CCM, the horizontal distribution of the vertically 
integrated conversion (<C(Kg, Kj)>) (Figure 7c) is dominated by the 
positive center near Japan. This marked center corresponds well with the 
intense Kg there and is caused by the strong divergence of transient eddy 
momentum fluxes. Other positive centers occur over eastern oceans and 
east of the United States where strong Kg exist. The negative conversions 
mainly appear south of the Aleutian Islands and Iceland and over the west 
coast of North America. The former two negative centers are due to the 
divergence of transient eddy momentum fluxes and are related to the 
kinetic energy transfer from the migratory cyclones to the permanent 
cyclones through the so-called occlusion process. The negative center 
over the west coast of North America is due to the convergence of momen­
tum fluxes and corresponds to the region where transient eddies are 
dissipated. The aforementioned features are similar to Murakami (1963) 
of the conversion at 500 mb, although the positive center east of the 
United States is weaker in the NCAR CCM. 
Although the cross-section of the conversion is quite different, the 
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horizontal distribution of <C(Kg, Ky)> in the GLAS CM (Figure 7d) is 
similar to the NCAR CCM. 
D. Summary and Discussion 
The eddy energies and their related conversions in the Lorenz energy 
cycle (Lorenz, 1967) are further split into the standing and transient 
components to study their energetics. Figures 8a and 8b display the 
schematic energy diagrams of the NCAR CCM and the GLAS CM in the Northern 
Hemisphere during winter. The storage of hemispheric mean energy com­
ponent is denoted inside the box. The direction of positive hemispheric 
mean energy conversion will follow the direction of arrow. 
In both models, the standing eddies exhibit the characteristics of the 
baroclinic waves with conversions from A^, to A^ and from Ag to Kg, 
similar to the observations of Holopainen (1970) and Chen and Buja (1983). 
Both models are also consistent in showing that the standing eddies feed 
kinetic energy into the transient eddies and the mean zonal flow, as in 
the observation. And the conversions of available potential and 
kinetic energies from standing to transient eddies in both models also 
agree with Holopainen (1970). Further examination indicates that all the 
energy components and conversions tend to be stronger in the GLAS CM than 
in the NCAR CCM, except Kj and C(Ag, Kg). 
However, the 3-dimensional comparison presented in this section 
reveals more differences in the structure and maintenance of the standing 
and transient eddies. 
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Both models indicate that Ag is mainly contributed from the two-wave 
thermal structure in mid-latitudes of the troposphere, with thermal troughs 
over eastern continents and thermal ridges over eastern oceans. The 
weaker than observed Ag in the mid-troposphere of both models is due to 
the fact that, in addition to the weak thermal ridge over the west coast 
of North America in the NCAR CCM and the weak thermal trough near Japan 
in the GLAS CM, the thermal trough over eastern North America is absent 
from both models. 
Intense Ay mainly occur in the mid-troposphere over Alaska and Green­
land and both major storm tracks. Both the centers near Alaska and Green­
land are more intense in the GLAS CM than in the NCAR CCM, which accounts 
for the stronger than observed Ay in high latitudes of the GLAS CM. 
While the NCAR CCM exhibits marked Ay over both oceanic storm tracks, the 
GLAS CM possesses stronger Ay over the Pacific storm tracks and weaker Ay 
over the Atlantic one. 
Strong Kg tend to occur southwest of intense Ag, with intense centers 
over the eastern and western Pacific and Atlantic Oceans. The somewhat 
weaker than observed Kg in the upper troposphere of both models may be 
due to the weak Kg associated with the jet stream near the United States, 
where the simulated thermal trough is also weak. In addition, in the 
GLAS CM, while the center near Japan is weaker than the NCAR CCM, the 
center over the eastern Atlantic Ocean is stronger. 
In both models, prominent Ky appear in the mid-troposphere in the 
mid-latitude oceans, down stream and north of strong Kg. However, the 
intensities are much weaker in the GLAS CM than in the NCAR CCM. 
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The conversion from to Ag mainly occurs in mid-latitudes of the 
lower troposphere over eastern Asia, central North Atlantic Ocean and 
the west coast of North America. The somewhat weak conversion in the 
NCAR CCM is primarily caused by the absence of a strong positive standing 
eddy heat flux over the central North Atlantic Ocean, which in turn is due 
to the weak V' there. In contrast, the weak conversion in the GLAS CM is 
mainly caused by the weak zonal temperature gradient. 
Strong conversions from A^ to Ay appear in the mid-troposphere over 
the major storm tracks. The transient eddy heat fluxes are similar be­
tween these two models. Therefore, the weaker conversion in the GLAS CM 
comes mainly from the weaker gradient of zonal temperature. 
Strong conversions from Ag to Kg occur in the mid-troposphere over 
the east coast of Asia and the west coast of North America, with sinking 
of cold air in the former center and rising of warming air in the latter. 
In the GLAS CM, although both centers are stronger than the NCAR CCM, 
the strong cancellation by the negative conversions in other regions 
causes the cross-section of the conversion to be weaker. 
Both models show strong conversion from Ay to Kj in the mid-tropo­
sphere over the major storm tracks. 
In the upper troposphere, while standing eddies act to maintain the 
mean zonal flow over the central Pacific and Atlantic Oceans around 30°N, 
over western Canada and the Bering Sea, the mean zonal flow maintains the 
standing eddy kinetic energy over both oceanic storm tracks and the west 
coast of the United States where Kg are strong. At low latitudes, in the 
GLAS CM, although positive C(Kg, K^) are locally comparable to the NCAR 
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CCM, the strong equatorward standing eddy momentum fluxes over the eastern 
Atlantic Ocean and the western Pacific Ocean cause the zonally averaged 
conversion to be weaker. In mid-latitudes, in the GLAS CM, while the 
negative C(Kg, K^) over Japan is weaker and that over the west coast of 
the United States is stronger than the NCAR CCM, the stronger equatorward 
momentum fluxes cause the zonal1y averaged conversion to be weaker. At 
high latitudes, the weak positive zonally averaged C(Kg, K2) is mainly 
due to the weak equatorward momentum fluxes over the Bering Sea in the 
NCAR CCM, but is primarily due to the strong cancellation by the poleward 
momentum fluxes over Alaska and south of Greenland in the GLAS CM. More 
importantly, the strong conversions at the top level of the GLAS CM, 
which is closely related to the abnormally strong mean zonal flow and 
momentum fluxes there, do not appear in the NCAR CCM. 
In the upper troposphere, while transient eddies act to maintain the 
mean zonal flow over oceans near 25°N and 55°N, the mean zonal flow main­
tains the transient eddy kinetic energy over both oceanic storm tracks 
and the west coast of the United States, where Kj are strong. However, in 
sharp contrast to the observation, negative transient eddy momentum fluxes 
occur over the western Pacific Ocean in the NCAR CCM, and the positive 
momentum fluxes over the western United States are too weak in the GLAS CM. 
Both models indicate that in the troposphere strong conversion from 
Ag to Ay tend to occur at locations where Ag are intense, and opposite 
conversions exist to the northeast of it. The major difference between 
these two models occurs in the lower stratosphere. South of Alaska, the 
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positive conversion is much stronger in the GLAS CM than in the NCAR CCM. 
Strong conversions from Kg to Kj tend to occur at locations where Kg 
are intense, with the center near Japan dominating the conversion, and the 
opposite conversions exist south of the Aleutian Islands and Iceland where 
migratory cyclones interact with the permanent cyclones through the so-
called occlusion process, and over the west coast of North America where 
transient eddies are dissipated. In the NCAR CCM, the positive conversion 
east of the United States may be too weak. In the GLAS CM, although the 
horizontal features are similar to the NCAR CCM, strong interactions occur 
at the top level which does not appear in the NCAR CCM. 
Diagnosis of energetics in most earlier papers are presented in a 
zonally averaged format which precludes any study of the longitudinal 
variations. The comparison in this study makes it clear that the 3-
dimensional observational study in the energetics of standing and tran­
sient eddies is needed to better understand their features and for the 
verification of general circulation models. 
The existence of the standing eddies is usually attributed to the 
longitudinally nonuniform external forcings, such as topography, land-sea 
contrast and diabatic heating. It seems reasonable to assume that the 
forcings by topography and land-sea contrast are similar between these two 
models. It is also noted that the geographical distributions of the 
thermal and dynamic fields of standing eddies and their related conver­
sions are closely related to the strength and location of jet streams. 
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Tung and Lindzen (1979) and Lin (1982) pointed out that the characteris­
tics of jet streams also play an important role in the vertical propoga-
tion of stationary waves. 
It is known that jet streams are strongly associated with the north-
south temperature gradient through the thermal wind relationship. And 
the north-south temperature gradient is essentially maintained by the 
diabatic heating fields. Through extensive experiments, Ramanathan et al. 
(1983) indentified a number of radiation processes that tend to minimize 
the equator to pole gradient of net radiative heating in the troposphere/ 
stratosphere system. If these processes are not properly included, the 
radiative heating in the equatorial regions and the long wave cooling in 
the polar regions are significantly overestimated. The net effect is to 
enhance the equator to pole temperature gradient. In addition, they have 
attributed the more realistic simulation of jet streams by the NCAR CCM 
to the more proper treatment in the radiative processes. Therefore, it 
is suggested that the difference in the behavior of standing eddies 
between these two models is primarily due to the difference in their 
diabatic heating fields. 
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IV. COMPARISON FOR THE ENERGETICS OF STANDING AND TRANSIENT 
EDDIES IN THE SPECTRAL DOMAIN BETWEEN THE GLAS CLIMATE MODEL 
AND THE NCAR COMMUNITY CLIMATE MODEL 
As is well-known, the dynamics and energetics of large and small 
scales of atmospheric disturbances are different. For instance, the ob­
servational study by Chen (1982) indicated that the major contents of eddy 
available potential and kinetic energies of standing waves are in the 
long-wave regime, and the transient long waves are active at high latitudes 
and the transient short waves in mid-latitudes. In the model simulation, 
it is desirable that the various eddy energy components and conversions 
are contributed by the same scales of motion as in the observation. 
Therefore, it is important to further examine the role played by various 
scales of motion in the model atmosphere. 
The horizontal distributions of various energy components and con­
versions presented in the previous section offer some hints as to the 
relative importance of different scales of motion. For instance, the 
standing eddies show a strong contribution from large-scale waves, 
especially wave number 2. However, it is desirable to have a systematic 
account for the role played by various scales of motion. The wave-like 
nature of the global distribution of wind and temperature suggests the 
appropriateness of a further resolution of the energy components and their 
conversions in the Lorenz energy cycle into a spectrum of spacial scales 
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by one-dimensional Fourier analysis around latitude circles (Saltzman, 
1957). This particular resolution has been shown a valuable tool to 
expose the main large-scale features of the atmosphere. Chen (1982) 
further applied the same approach to the observational study of the ener­
getics of standing and transient eddies. A similar scheme was followed 
in this study. The main objective of this section is to examine the 
spectral energetics of standing and transient eddies in the models. 
The calculation of the energetics is global and covers two extreme 
seasons. In the troposphere, the standing eddies are observed to be most 
active in the winter Northern Hemisphere. In addition, the observational 
data and documentations are most abundant in the winter Northern Hemi­
sphere to afford a valid verification against the model. Therefore, only 
the energetics in the winter Northern Hemisphere are discussed in this 
section. The energetics in the summer Southern Hemisphere, the summer 
Northern Hemisphere and the winter Southern Hemisphere are presented in 
the Appendix. 
A. Formulation of Energy Equations 
The equations governing atmospheric energetics in wavenumber domain 
were first formulated by Saltzman (1957). However, Kanamitsu et al. (1972) 
have pointed out that the expression for the nonlinear transfer of kinetic 
energy amongst the various waves in Saltzman's formulation is not correct. 
We have reformulated the spectral energetics equations in such a way that 
56 
the wavenumber domain equations can be reconciled with the physical domain 
equations, and the nonlinear interaction terms sum to zero. 
The zonal kinetic energy equation can be written symbolically as: 
%= J C(K^. K„) + C(A,. Kj)-0^ 
n-i 
,K 
where is the rate of change of zonal kinetic energy. 
N N fr ^ . U , 6V 
+ V-n' ^  (fë#*) + <2 V-n' ItI 
SU, ÔV V,tan* 
+ ("-n"n + Un'-n) (^2 U_„U„)]| 
is the barotropic interaction of all of the zonal harmonic waves with the 
zonal mean flow. Z subscripts refer to zonal mean quantities and n sub­
scripts refer to the respective Fourier coefficients. 4* is the latitude 
and a is the radius of the earth. The series is truncated after wavenumber 
N. 
CfA^, K^) = - jr ^ 2^2 
is the zonal mean baroclinic energy conversion between zonal available 
potential energy and zonal kinetic energy. T^ is the difference between 
the zonal mean temperature and the hemispheric mean temperature (Lorenz, 
1955). R is the gas constant, and p is the pressure. is the dissipa­
tion of zonal kinetic energy which can only be treated es a residual. 
The spectral form of the eddy kinetic energy equation can be written 
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symbolically as 
6K 
for each wavenumber n where ^  is the rate of change of kinetic energy 
for wavenumber n, and C(K^, K^) is the barotropic transfer of energy from 
the zonal flow to wavenumber n. 
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represents the rate of change of wavenumber n kinetic energy due to non­
linear transfer of kinetic energy to wavenumber n from all other waves. 
C(A„, K„) = 4. 
is the baroclinic energy conversion. is the dissipation. 
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The spectral available potential energy (APE) equations take the 
following form. The zonal APE equation can be written symbolically as: 
* 'z'- \ C(Az' - C(Az. Kz) + Gz 
n-i 
where ^ A^ = Hp ) ^z^] 
is the rate of change of zonal APE. â is the static stability. 
N N r 1 sT 1 ,n\2-| 
- = - „l, [-("Vn ^  V-n' W M#)] 
is the conversion of APE from all wavenumbers into zonal mean APE. 
C(A^, K^) is the baroclinic energy conversion that was defined earlier, 
and is the generation of zonal APE. 
The spectral form of the eddy available potential energy equation can 
be written symbolically as: 
it \ ' ci'z. - i:(\' V + " G» 
"h*"! à J' 
is the rate of change of wavenumber n APE, C(A^, A^) is the conversion of 
zonal to wavenumber n APE defined earlier, and C(A^, K^) is the baroclinic 
conversion that was also defined earlier. 
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is the nonlinear transfer of APE from all other waves into wavenumber n, 
and 6^ is the generation of APE at wavenumber n. 
We truncated the zonal harmonic expansion of the dynamic variables 
after wavenumber N=15 and 25 for the NCAR CCM and the GLAS CM, respectively. 
The major concern of this section is to examine the role played by long 
and short waves in atmospheric energetics. In order to facilitate our 
discussion, we grouped waves 1-4 as long waves, and waves 5-N as short 
waves. A similar approach has been used in previous energetics studies 
(Chen et al., 1981a; Chen, 1982). The sum of wavenumbers 1-N will be re­
garded as the total wave disturbances. The definition of standing (time-
mean) and transient (time-departure) eddies proposed by Lorenz (1967) is 
adopted. The contribution of standing eddies is obtained by using only 
time-mean variables in the spectral energetics. However, the contribution 
of transient eddies contains the interactions of three variables. For 
example, the conversion from A^ to A^ by transient eddies involves two 
parts; one is the interaction of only purely transient modes, and the 
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other is the interaction between two transient and one standing mode. 
The vertical integrations are performed from 1000 to 0 mb, while the 
area intergrations cover 0° to 80°N and 0° to 80°S for the Northern and 
Southern Hemisphere, respectively. 
The generation of available potential energy and the dissipation of 
kinetic energy will not be discussed in this study. 
B. Sensible Heat and Momentum Transport 
1. Sensible heat transport 
The total eddy sensible heat transports in the NCAR CCM (Figure 9a) 
and the GLAS CM (Figure 10a) are characterized by double maxima in mid-
latitudes, one in the lower troposphere and the other in the lower strato­
sphere, similar to the observations of Chen and Buja (1983) and Chen 
(1982). In the troposphere, while the peak values of the poleward trans­
ports are similar between these two models, both are much weaker than the 
observation. In mid-latitudes near the surface, the transport is stronger 
in the GLAS CM than in the NCAR CCM. In mid-latitudes of the lower 
stratosphere, both models display a maximum of poleward transport. In 
contrast, the observation shows a poleward transport that increases its 
strength with height. In addition, while the peak values are similar 
between these two models, both are much weaker than the observation. 
However, the most distinct difference between these two models occurs in 
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9. Global latitude-pressure distribution of the sensible heat transport during Northern 
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Figure 10. Global latitude-pressure distribution of the sensible heat transport during Northern 
Hemisphere winter in the GLAS CM: (a) total waves (n=l-25), (b) long waves (n=l-4), 
(c) short waves (n=5-25), (d) standing waves (n=l-25), (e) standing long waves 
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sient short waves (n=5-25). Units: Kms"^ 
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the subtropics of the lower stratosphere. While weak equatorward trans­
port exists in the NCAR CCM and the observation, relatively strong 
equatorward transport appears in the GLAS CM. 
In the lower troposphere, both models indicate that the maximum 
transport in the short-wave regime (Figures 9c and 10c) occurs south of the 
long-wave regime (Figures 9b and 10b). This situation seems consistent 
with the relative locations of long- and synoptic-scale waves. Also, the 
poleward transports by the short-wave regime are comparable to the long­
wave regime. In contrast, Chen (1982) observed that the long-wave regime 
accounts for the major part of the total transport, due to the excep­
tionally strong contribution from the standing long waves. It is noted 
that the strong total transport near the surface in the GLAS CM comes 
mainly from the long waves. 
In mid-latitudes of the lower stratosphere, both models show that the 
long waves account for the major part of the total transport, similar to 
the observation. At low latitudes, however, the strong equatorward 
transport by the long waves in the GLAS CM does not exist in the NCAR CCM 
or the observation. 
In the lower troposphere, the transient eddies (Figures 9f and lOf) are 
the main agents for the total sensible heat transports in both models, 
similar to the observation of Chen and Buja (1983). The peak values of 
transient eddy transport are comparable among these two models and Chen and 
Buja (1983) and are stronger than Chen (1982). Both models show that the 
transient long waves are active in high latitudes and the transient short 
waves in mid-latitudes, similar to the observation^ In both models, stand­
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ing eddy transports are dominated by the long waves. However, while the 
maximum occurs at 850 mb in the NCAR CCM similar to the observation, it 
occurs near the surface in the GLAS CM. In addition, although somewhat 
stronger in the GLAS CM than in the NCAR CCM, the magnitudes of standing 
eddy transports of both models are much weaker than the observation. 
In mid-latitudes of the lower stratosphere, both models show stronger 
poleward transport by transient eddies than by standing eddies, in con­
trast to the observations of Chen and Buja (1983) and Chen (1982). While 
the transient eddy transport in the NCAR CCM is comparable to the observa­
tion, it is somewhat weaker in the GLAS CM due to the weak transient 
short-wave transport. While the standing eddy transports are comparable 
between these two models, both are much weaker than the observations. It 
is noted that the strong equatorward transport in the subtropics of the 
GLAS CM comes mainly from the transient long waves. 
Summarizing, in the lower troposphere, while both models simulate 
properly the poleward sensible heat transports by transient eddies, the 
poleward transports by standing long waves are too weak. In the lower 
stratosphere, in addition to the poleward transports by standing long 
waves being too weak in both models, the GLAS CM also shows somewhat too 
weak in the poleward transport by transient short waves in mid-latitudes 
and too strong in the equatorward transports by transient long waves. 
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2. Momentum transport 
The total eddy momentum transports in the NCAR COM (Figure 11a) and 
the GLAS CM (Figure 12a) are characterized by poleward transports around 
30°N and equatorward transports in the higher and lower latitudes in the 
upper troposphere, similar to the observations (e.g., Chen and Buja, 1983; 
Chen, 1982; Lau et al., 1981). However, the pattern and intensity are 
quite different between these two models. 
In the NCAR CCM (Figure 11a), compared to the observations, the region 
of poleward transport is displaced 10° poleward, and its peak value is 
somewhat weaker. Although the standing eddies (Figure lid) are similar to 
Chen and Buja (1983) and Lau et al. (1981), the transient eddies (Figure 
llf) are too weak. It turns out that, although the transient long waves 
are comparable to Chen (1982), the transient short waves are much weaker. 
For the equatorward transport at high latitudes, in addition to the stand­
ing eddies being too weak, the transient eddies contribute to the poleward 
transport, contrary to the observation. These cause the total equatorward 
transport at high latitudes to be too weak. The weak standing eddies are 
mainly due to the weak standing long waves, while the poleward transport 
by transient eddies comes primarily from the transient long waves. 
In the GLAS CM (Figure 12a) near 200 mb, although the maximum pole­
ward transport locates at the same latitude as the observations, its 
intensity is much weaker. In addition, the strength of the poleward 
transport increases with height, with a peak value at the top level, which 
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does not occur in the NCAR CCM or the observation. The weak poleward 
transport near 200 mb is mainly caused by the weak standing eddies (Figure 
12d) there, although the transient eddies (Figure 12f) are also weak. 
Figures 12g and 12h further reveal that, although the transient eddies are 
comparable to the NCAR CCM, the transient short waves are weaker. The 
increase with height of the poleward transport mainly comes from the long­
wave regime, with the standing long waves dominating over the transient 
long waves. For the total equatorward transport at high latitudes, al­
though it is much stronger than the NCAR CCM, it is still weaker than the 
observation. This is mainly due to the weak standing long waves. It is 
worth noting the sharp contrast in the equatorward transports at high 
latitudes by transient short waves between these two models. 
Summarizing, for the poleward momentum transport in mid-latitudes, 
while the standing and transient eddies are displaced 10° poleward and 
the transient short waves are too weak in the NCAR CCM, in the GLAS CM 
the increase with height is mainly caused by the standing long waves, and 
both the standing long waves and transient short waves are too weak near 
200 mb. For the equatorward transport at high latitudes, while the stand­
ing long waves are too weak and the transient long waves transport 
momentum poleward instead of equatorward in the NCAR CCM, in the GLAS CM 
the standing long waves are too weak. 
Near the equator in the lower stratosphere, while the peak values of 
the equatorward transport are comparable between these two models, both 
are stronger than the observation. In contrast to the primary contribu­
tion from the standing eddies in the observation, both models show 
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Figure 12. Global latitude-pressure distribution of the momentum transport during Northern 
Hemisphere winter in the GLAS CM. Units: m^s-Z. (a)-(h) as in Figure 
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comparable contributions from the standing and transient eddies. Further­
more, the transient eddies are dominated by short waves in the NCAR CCM 
but by long waves in the GLAS CM. 
C. Eddy Available Potential and Kinetic Energies 
1. Available potential energy 
The contributions by the standing and transient eddies have been dis­
cussed in Section III. Therefore, special attention on the spectral 
contributions will be presented here. 
The strong resemblance between the long-wave A^ (Figures 13b and I4b) 
and total A^ indicates that the total Ag is dominated by the long-wave 
regime in both models. This is consistent with the observation of Chen 
(1982). Note that the contour interval of the short-wave Ag (Figures 13c) 
and 14c) is half of the long-wave Ag. 
In the mid troposphere, Ag is weaker in the GLAS CM (Figure 14d) than 
in the NCAR CCM (Figure 13d), and both are weaker than the observations of 
Chen and Buja (1983) and Chen (1982). It is noted that the standing eddies 
are dominated by the long waves in the models and the observation. While 
Ay in the NCAR CCM (Figure 13f) is comparable to the observation, the peak 
value in the GLAS CM (Figure 14f) is stronger. It turns out that the 
transient long waves are stronger in the GLAS CM than in the NCAR CCM and 
the observation. Similar to the observation, both models show that both 
the long and short waves contribute importantly to Ay, and that the 
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Figure 13. Global latitude-pressure distribution of Ag (eddy available potential energy during 
Northern Hemisphere winter in the NCAR CCM. Units: lOJm'^mb"^. (a)-(h) as in 
Figure 9 
<bl ICMG loi lOIM 
idi ror/u. srANOiw lel SrANDING LONG 
m 
in rOTAl TRMSICNT loi IMMSIlNr LONG ihi fUNSicm SNMr 
•so 0 50 
Ujiruoc IDCCRUSI 
Figure 14. Global latitude-pressure distribution of Ac during Northern Hemisphere winter in 
GLAS CM. Units: 10 Jm'^mb'^. (a)-(h) as in Figure 10 
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transient short waves are active in mid-latitudes and the transient long 
waves at high latitudes. 
Near the surface, while in the GLAS CM is similar to the observa­
tion, the peak value in the NCAR CCM is stronger. In contrast, the marked 
Ay in the GLAS CM does not appear in the NCAR CCM or in the observation. 
Figures 14g and 14h further reveal that both the transient long and short 
waves are too strong. 
In the lower stratosphere, in the GLAS CM, both Ag and Ay are 
stronger and displaced toward the equator, due mainly to the long waves, 
when compared to the observation. In the NCAR CCM, while both the long 
and short waves of Ay are comparable to Chen (1982), the standing long 
waves are much weaker. 
Summarizing, in the mid-troposphere, the standing long waves in both 
models are too weak, especially in the GLAS CM. Near the surface, while 
the standing long waves in the NCAR CCM are too strong, both the transient 
long and short waves in the GLAS CM are also too strong. In the lower 
stratosphere, while the standing long waves in the NCAR CCM are too weak, 
both the standing and transient long waves in the GLAS CM are too strong 
and displaced toward the equator. 
The spectral distribution of A^ as a function of wavenumber is 
depicted in Figures 15a and 15b for the NCAR CCM and the GLAS CM, respec­
tively. The upper curve is total A^, while the lower is standing A^. 
Both models display that standing A^ decreases more rapidly than total 
as the wavenumber increases, indicating no significant standing A^ exists 
in the short-wave regime. This is similar to the observational study of 
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Figure 15. Spectral distribution of Ap during Northern Hemisphere winter 
in (a) Northern Hemisphere of the NCAR COM, (b) Northern 
Hemisphere of the GLAS CM, (c) Southern Hemisphere of the 
NCAR CCM, (d) Southern Hemisphere of the GLAS CM. Units: Jm~ 
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Chen (1982) and is also consistent with Figures 13 and 14. It is noted 
that, in the NCAR CCM, both the total and standing wavenumber 2 are 
stronger than the GLAS CM, and the energy contents of the total and stand­
ing wavenumber 2 are very close to wavenumber 1, similar to the observa­
tion. The total spectrum displays close to a 3-power law between 
wavenumbers 8 and 15 in both models, similar to the observational studies 
of Chen (1982) and Wiin-Nielsen (1967). In addition, the GLAS CM shows a 
much steeper decrease in the very short waves. 
2. Kinetic energy 
The contributions by the standing and transient eddies have been dis­
cussed in Section III. Therefore, special attention on the spectral 
contributions will be presented here. 
In the NCAR CCM, Kg is dominated by Kj (Figure 16f), and the maximum 
of Ky is somewhat to the north of Kg (Figure 16d), similar to Chen and 
Buja (1983) and Chen (1982). However, the peak values of Kg and Ky are 
slightly weaker. Similar to the observation of Chen (1982), Kg is domi­
nated by the long waves. Figures 16g and 16h further indicate that the 
transient short waves are active in mid-latitudes and the transient long 
waves at high latitudes. Compared to the observation by Chen, it seems to 
suggest that, in addition to the somewhat weaker transient short waves, 
the transient long waves in mid-latitudes are also weaker. 
In the GLAS CM, Kj (Figure 17f) also dominates over Kg (Figure IZd). 
However, it appears that the weak Kg in mid-latitudes is caused mainly by 
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Figure 16. Global latitude-pressure distribution of Kg (eddy kinetic energy) during Northern 
Hemisphere winter in the NCAR CCM. Units: 10 Jm-2mb-l. (a)-(h) as in Figure 9 
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Ky, although near 200 mb Kg is also weak (Chen et al., 1981b). In addition, 
large Kg and Ky exist in the top level of the GLAS CM, in contrast to the 
NCAR CCM and the observation. Kg is also dominated by the long waves and 
is comparable to the NCAR CCM near 200 mb. Compared to the NCAR CCM, it 
seems that the weak Kj is due primarily to the short waves. On the other 
hand, the large value of Ky at the top level comes mainly from the long 
waves. 
Both models simulate too strong Kg near the equator at 200 mb. Com­
pared to the observation of Chen and Buja (1983), the peak values of Kg 
there are not too strong. It turns out that the transient long and short 
waves are too strong in both models. 
Summarizing, in addition to the increase with height of the standing 
long waves in the GLAS CM, both models simulate a slightly weak Kg near 
200 mb. While the transient long waves are slightly weak in the NCAR CCM, 
the transient short waves in the GLAS CM are much too weak. The increase 
with height of K^ in the GLAS CM comes mainly from the standing and 
transient long waves. Near the equator, the transient long and short 
waves in both models are also too strong. 
The spectral distributions of as a function of wavenumber are 
depicted in Figures 18a and 18b for the NCAR CCM and the GLAS CM, 
respectively. The upper curve is total K^, while the lower is standing 
K^. Both models display that standing K^ decreases more rapidly than 
total K^ as the wavenumber increases, indicating significant standing A^ 
only exists in the long-wave regime. This is similar to the observation of 
Chen (1982) and is also consistent with Figures 16 and 17. It is noted 
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that, in the NCAR COM, both the total and standing wavenumber 2 are 
stronger than the GLAS CM, and the energy contents of the total and stand­
ing wavenumber 2 are larger than wavenumber 1, similar to the observations 
of Chen (1982) and Wiin-Nielsen (1967). The total spectrum follows a 
-3 power law between wavenumbers 8-15 in both models, similar to the ob­
servation and the theoretical suggestion (e.g., Leith, 1968). In addition, 
the GLAS CM shows a much steeper decrease in the very short waves. It is 
further noted that the spectral distributions of in Figures 18a and 
18b behave quite similarly to those of A^ in Figures 15a and 15b, respec­
tively. 
D. Energy Conversions 
1. Conversion between zonal (A^) and eddy (A^) available potential 
energy 
The conversion between A^ and A^, C^A^, Ag) is mainly determined by 
the correlation between the eddy sensible heat transport and the meridional 
gradient of zonal temperature. Positive C(A2, Ag) implies conversion from 
A^r to A^ through down-gradient eddy sensible heat transport. 
The contributions by the standing and transient eddies nave been dis­
cussed in Section III. Therefore, special attention on the spectral 
contributions will be presented here. 
Both models show that the short waves (Figures 19c and 20c) are more 
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Figure 19. Global latitude-pressure distribution of CfAg, A^) (conversion from A^ to Ag) during 
Northern Hemisphere winter in the NCAR CCM. Units: 10"^Wm~^mb~^. (a)-(h) as in 
Figure 9 
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Figure 20. Global latitude-pressure distribution of CCA^» Ag) during Northern Hemisphere winter 
in the GLAS CM. Units: 10"WW^ (a)-(h) as in Figure 10 
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important than the long waves (Figures 19b and 20b) in the troposphere. 
In contrast, the long waves are more important in the observational study 
of Chen (1982), which is due to the exceptional strong contribution by 
the standing long waves. In the lower stratosphere, while the long waves 
dominate the conversions in the GLAS CM, both the long and short waves 
are very weak in the NCAR CCM. 
Similar to the observation by Chen (1982), both models indicate that 
the standing eddies are mainly contributed by the long waves (Figures 19e 
and 20e). Therefore, the contrast in C^A^, Ag) between these two models 
is primarily attributed to the long waves. 
In the mid-troposphere, while C^A^, Ay) in the NCAR CCM is similar 
to the observation by Chen and Buja (1983), C(A^, Ay) in the GLAS CM is 
somewhat weaker. Figures 19h and 20h indicate that this is mainly caused 
by the weak transient short waves in the GLAS CM. Figures 9h and lOh 
showed that the sensible heat transports by transient short waves are 
comparable between these two models. Therefore, we tentatively conclude 
that the simulated meridional gradient of zonal temperature is weaker in 
the GLAS CM than in the NCAR CCM. 
In the middle and lower troposphere CfA^, Ag) is quite different be­
tween these two models. In the NCAR CCM, although the peak value is some­
what weaker, the location of the maximum is similar to Chen and Buja 
(1983). In the GLAS CM, C(A2, Ag) is very weak in the middle and lower 
troposphere, and the marked conversion near the surface does not exist in 
the NCAR CCM or the observation. Figures 9e and lOe showed that in the 
mid-troposphere the sensible heat transports by standing long waves are 
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comparable between these two models, and that in the lower troposphere 
these transports are even stronger in the GLAS CM than in the NCAR CCM. 
Therefore, the contrast in the magnitude of CCA^» Ag) between these two 
models is mainly due to the difference in the zonal temperature gradient. 
In the lower stratosphere, both the standing and transient eddies 
are very weak in the NCAR CCM. In contrast, strong positive conversions 
by the standing and transient eddies occur in the GLAS CM, which are 
mainly contributed by the long waves. Figures 9e and lOe showed that in 
mid-latitudes both models exhibit poleward sensible heat transports by 
standing long waves with comparable strength, although both are weaker 
than the observations. Also, it was pointed out in Section m that 
the NCAR CCM and the GLAS CM simulate a weak warm belt near 45°N and 
30°N, respectively, and very cold zonal temperature exists in the polar 
stratosphere of the GLAS CM. These explain why the standing long waves 
in the NCAR CCM (Figure 19e) are weaker than the observations and why in 
the GLAS CM (Figure 20e) they show strong positive conversion in mid-
latitudes in contrast to the observations. A similar situation exists in 
the transient long waves. 
Summarizing, in the mid-troposphere, the weak positive conversion by 
standing long waves in the NCAR CCM is mainly caused by the weak poleward 
sensible heat transport by long waves. In the GLAS CM, while the weak 
positive conversion by transient short waves is due primarily to the weak 
zonal temperature gradient, the weak positive conversion by standing long 
waves is caused by the weak poleward sensible heat transport by long 
waves and zonal temperature gradient. In the lower stratosphere, both 
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the weak warm belt and eddy sensible heat transports contribute to the 
weak conversions in the NCAR CCM. In the GLAS CM, the displacement of 
the warm belt to 30°N and the abnormally cold polar stratosphere cause 
the strong positive conversions by the standing and transient long waves 
in mid-latitudes. 
The spectral distributions of CfA^, A^) as a function of wavenumber 
are depicted in Figures 21a and 21b for the NCAR CCM and the GLAS CM, 
respectively. A bimodal distribution, with maxima at wavenumbers 3 and 
6, exists in the NCAR CCM. This is similar to Saltzman (1970), Stein­
berg et al. (1971) and Chen (1982). The shaded area represents the contri­
bution of standing eddies, which is only significant in the low-wavenumber 
regime. In the GLAS CM, the contributions by the short waves are weaker 
than the NCAR CCM, especially wavenumbers 6 and 7. This indicates that the 
conversion by the synoptic eddies is weaker in the GLAS CM than in the 
NCAR CCM. It is interesting to note that wavenumber 3 is stronger in the 
GLAS CM than in the NCAR CCM, and the opposite is true for wavenumber 2. 
The strong contribution by wavenumber 3 in both models can be seen clearly 
from the horizontal distributions in Figure 3. 
2. Conversion between eddy available potential (Ag) and 
kinetic (Kg) energy 
The conversion between and Kg, C(Ag, Kg), is evaluated in terms of 
the covariance between the temperature and vertical velocity departures 
from their area means. Therefore, C(Ag, Kg) can also be regarded as the 
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upward transport of sensible heat. Positive C(A^, Kg) implies conversion 
from Ag to Kg through warm air rising or cold air sinking. The observa­
tional evaluation of C(Ag, Kg) is hindered by the computation of the w 
field. Therefore, the calculation from a general circulation model may be 
able to provide some internally consistent information as to this conver­
sion process. 
The contributions by the standing and transient eddies have been dis­
cussed in Section III. Therefore, soecial attention on the soec.tral 
contributions will be presented here. 
In the troposphere, both models show that the long (Figures 22b and 
23b) and short waves (Figures 22c and 23c) make comparable contributions 
to the conversion, similar to the observations of Chen (1982) and Chen et 
al. (1981a). Both models also indicate that the short waves are more 
important than the long waves, similar to Chen et al. (1981a), but con­
trary to Chen (1982) where a strong contribution from the standing long 
waves makes the long waves more important. Although occurring at the 
same location as in the observation by Chen et al., the peak value of 
the short-wave regime in the GLAS CM is somewhat stronger than in the 
NCAR CCM, and both are stronger than the observation. The patterns of 
the long-waves regime are quite different between these two models. In 
the GLAS CM, a major maximum occurs in mid-latitudes, and a secondary 
maximum exists at high latitudes, similar to the observations, although 
both the peak values are stronger than the observed. Figures 23e and 
23g further reveal that both the standing and transient long waves share 
this double maxima structure, with the transient long waves making more 
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Figure 22. Global latitude-pressure distribution of C(Ag, Kg) (conversion from Ag to Kg) 
during Northern Hemisphere winter in the NCAR CCM. Units: 10 ^Wm ^ mb 
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Figure 23. Global latitude-pressure distribution of C(Ag, Kg) during Northern Hemisphere 
Winter in the GLAS CM. Units; lO'W^mb"^ (a)-(h) as in Figure 10 
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important contributions. In the NCAR CCM, although a slight hint of this 
double maxima structure can be seen in the transient long waves, the 
dominant contribution by the standing long waves in mid-latitudes produces 
a single maximum in the long-wave regime. It is also noted that, although 
the peak values of the long-wave regime are comparable between these two 
models, it mainly comes from the standing long waves in the NCAR CCM but 
from the transient long waves in the GLAS CM. 
In the lower stratosphere, the long waves dominate the conversion in 
the GLAS CM, similar to Chen (1982) and Chen et al. (1981a), while the long 
and short waves contribute equally in the NCAR CCM. More importantly, 
both the long- and short-wave regimes are quite different between these 
two models. 
In the troposphere, both models show that the transient eddies (Fig­
ures 22f and 23f) are more important than the standing eddies (Figures 22d 
and 23d), similar to the observations of Chen and Buja (1983), Chen (1982) 
and Chen et al. (1981a), although the standing eddies can not be ignored. 
Both models show that the standing eddies are dominated by the long waves. 
However, while the peak value of C(Ag, Kg) in the NCAR CCM is comparable 
to the observations, it is much weaker in the GLAS CM. In contrast, while 
the peak value of C(A^, K^) in the NCAR CCM is comparable to the observa­
tions, it is much stronger in the GLAS CM. It turns out that both the 
transient long and short waves are stronger in the GLAS CM than in the 
NCAR CCM and the observations. 
In the lower stratosphere, while the transient eddies dominate the 
negative conversion in the NCAR CCM, the standing and transient eddies 
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contribute equally in the GLAS CM. In the NCAR CCM, while the negative 
conversion by standing eddies is somewhat weaker than the observations, 
the negative conversion by transient eddies is much stronger. While the 
long waves are more important in C(Ag, Kg), the short waves are more 
important in C(Ay, K^). In the GLAS CM, in mid-latitudes, the standing 
and transient eddies contribute equally to the negative and positive con­
versions, and both are dominated by the long waves, with comparable in­
tensities. While the intensities of both the negative and positive con­
versions of C(Ag, Kg) are comparable to Chen and Buja (1983), the in­
tensities of C(Ay, Ky) are much stronger. In the low latitudes, although 
the standing and transient eddies also contribute equally to the positive 
conversion, they are dominated by the long and short waves, respectively. 
Also, both the standing and transient eddies are much stronger than the 
observations. 
Near the equator, both models show strong conversions in the upper 
half of the atmosphere, in contrast to the weak conversion in the observa­
tion by Chen and Buja (1983). Also, these two models behave quite differ­
ently. In the NCAR CCM, strong positive conversion dominated by the 
transient short waves prevails below 300 mb, and strong negative conver­
sion contributed equally by the transient short waves and standing long 
waves exists above 300 mb. In the GLAS CM, strong positive conversion, 
with the transient short waves and standing long waves contributing 
equally, prevails above 500 mb. 
Summarizing, in the mid-troposphere, the positive conversion by 
standing long waves is too weak in the GLAS CM, and the positive conver­
sions by transient long and short waves are somewhat stronger in the GLAS 
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CM than in the NCAR CCM and the observation. In mid-latitudes of the 
lower stratosphere, the negative conversion by standing long waves in the 
NCAR CCM is somewhat too weak, while the negative and positive conversions 
by transient long waves in the GLAS CM are too strong. In the low 
latitudes of the lower stratosphere, the positive conversions by standing 
long waves and transient short waves in the GLAS CM are too strong. Near 
the equator, both the strong positive conversion by transient short waves 
below 300 mb and negative conversions by transient short waves and stand­
ing long waves above 300 mb in the NCAR CCM, and the strong positive con­
versions by transient short waves and standing long waves above 500 mb in 
the GLAS CM are not observed. 
The spectral distributions of C(A^, K^) as a function of wavenumber 
are depicted in Figures 24a and 24b for the NCAR CCM and the GLAS CM 
respectively. In the NCAR CCM, the bimodal distribution with maxima at 
wavenumbers 2 and 7 is similar to the studies of Chen (1982), Saltzman 
(1970) and Wiin-Nelsen (1959). Wavenumber 2 is mainly contributed by the 
standing eddies. This can be easily seen in Figure 4a. In contrast, 
wavenumber 7 is primarily contributed by the transient eddies. This 
further confirms that the conversion shown in Figure 4b is mainly 
performed by the synoptic eddies. In the GLAS CM, the spectral distribu­
tion is quite different from the NCAR CM. The standing wavenumber 2 is 
much weaker in the GLAS CM than in the NCAR CCM. It was pointed out in 
Section III that the positive conversion of C(Ag, Kg) is locally 
stronger in the GLAS CM than in the NCAR CCM. However, the strong can-
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cellation by the negative conversion in the GLAS CM makes its zonally 
averaged conversion being much weaker than the NCAR COM. Figure 24b 
further reveals that this cancellation mainly occurs at wavenumber 2. 
Figure 24b also shows that in the GLAS CM, although the synoptic eddies 
are mainly contributed by transient eddies, large-scale eddies also con­
tribute importantly to the transient mode. In other words, in the GLAS 
CM, the marked conversions of C(Ay, Kj) in Figure 4d are performed by 
both the large- and synoptic-scale eddies, in contrast to the NCAR CCM. 
3. Conversion between eddy (Kg) and zonal (K^) kinetic energy 
The conversion between Kg and K^, C(Kg, K^) is mainly determined by 
the correlation between the horizontal eddy momentum transport and the 
gradient of mean zonal flow. Positive C(Kg, K^) implies conversion from 
Kg to K^ through counter-gradient flux of angular momentum, known as the 
phenomena of negative eddy viscosity (Starr, 1968). Significant mean 
zonal flow and eddy momentum transport occur in the upper troposphere. 
Therefore, it is expected that this conversion should mainly exist in the 
upper model atmosphere. 
The contributions by the standing and transient eddies have been dis­
cussed in Section III. Therefore, special attention on the spectral 
distributions will be presented here. 
In the NCAR CCM, the positive and negative conversions near the jet 
are mainly contributed by the long-wave regime (Figure 25b), similar to 
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the observation of Chen (1980). In contrast, in the GLAS CM, the long 
waves (Figure 25b) dominate the positive and negative conversions in the 
upper levels, while the short waves (Figure 25c) are important in the 
vicinity of 300 mb. 
Both models show that the contribution of standing eddies is dominated 
by the long waves (Figures 25e and 26e), similar to Chen (1982). In the 
NCAR CCM, although the positive and negative standing eddy conversions 
near the jet are comparable to Chen and Buja (1983), the positive con­
version at higher latitudes is much weaker than Chen and Buja (1983) and 
Chen (1982). It is noted that Chen (1982) showed much stronger standing 
eddy conversions near the jet, which is associated with a winter with 
pronounced standing eddies. In the GLAS CM, the positive and negative 
standing eddy conversions near the jet increase with height, which does 
not occur in the NCAR CCM or the observations. In the vicinity of 200 mb, 
both the positive and negative conversions are weaker than the NCAR CCM 
and the observations. 
The positive transient eddy conversion to the south of the jet is 
weaker in the NCAR CCM than in the GLAS CM, and both are weaker than the 
observations. Chen (1982) displayed that this conversion is more impor­
tantly contributed by the short waves. In contrast, while the transient 
long waves are more important in the GLAS CM, both the transient long and 
short waves are very weak in the NCAR CCM. 
The negative transient eddy conversion to the north of the jet is 
comparable between the NCAR CCM and Chen and Buja (1983), and both are 
weaker than the GLAS CM, which in turn is weaker than Chen (1982). Both 
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models show that the transient short waves are more important than the 
transient long waves, similar to Chen (1982). Figures llh and 12h 
indicate that the momentum transport by transient short waves is stronger 
in the NCAR CCM than in the GLAS CM. Therefore, the stronger negative 
conversion by transient short waves in the GLAS CM is due to the stronger 
gradient of mean zonal flow. It is further noted that the increase with 
height of the transient eddy conversion is mainly attributed to the long 
waves. 
For the positive conversion near 55°N, the standing eddies are more 
important than the transient eddies in Chen and Buja (1983), while both 
are comparable in Chen (1982). In the NCAR CCM, although the standing 
eddies are more important than the transient eddies, both are very weak. 
In contrast, the transient eddies dominate the conversion in the GLAS CM. 
In addition, although the transient eddies in the GLAS CM are comparable 
to Chen (1982), the short waves are more important than the long waves in 
the GLAS CM, while the opposite is true in Chen (1982). 
Near the equator, both models indicate a negative conversion, similar 
to Chen and Buja (1983) and Newell et al. (1974). However, while the 
standing eddies dominate the conversion in Chen and Buja (1983), it is 
mainly contributed by the standing long waves and transient short waves in 
both models. 
Summarizing, in the vicinity of 200 mb, to the south of the jet, the 
positive conversion by standing long waves is weaker in the GLAS CM than 
in the NCAR CCM, the positive conversion by the transient long and short 
waves are too weak in the NCAR CCM, and the positive conversion by the 
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transient short waves in the GLAS CM is too weak. To the north of the jet, 
the negative conversion by the transient short waves is weaker in the NCAR 
CCM than in the GLAS CM. At high latitudes, while both the standing and 
transient eddies are too weak in the NCAR CCM, the positive conversion by 
standing long waves is also too weak in the GLAS CM. More importantly, 
the increase with height of C(K^, K^) in the mid-latitudes of the GLAS CM 
mainly comes from the standing and transient long waves. 
The spectral distributions of C(K K,) as a function of wavenumber 
n 5 L 
are depicted in Figures 27a and 27b for the NCAR CCM and the GLAS CM, 
respectively. Recall that the area integration of C(K^, K^) is the dif­
ference between area of positive large-valued conversion and negative 
large-valued conversion. The difference between two large values has the 
possibility of uncertainty. This may be the reason that the spectral 
distribution of C(K^, K^) varies greatly from study to study. Wiin-
Nielsen et al. (1963, 1964) presented C(K^, K^) of three Januaries for 
1959, 1962 and 1963. There is no similarity of the spectral distribution 
of C(K^, K^) in these three months. Saltzman (1970) showed that all waves 
transfer the kinetic energy to zonal flow except wavenumber 3. Steinberg 
et al. (1971) found that the long waves receive kinetic energy from the 
zonal flow, but the short waves feed energy into the zonal flow. Chen 
(1982) observed that most of is fed into K^, except at waves 3 and 5. 
Figures 27a and 27-b indicate that in both models the very large- and 
small-scale waves feed kinetic energy into the zonal flow, but the medium-
scale waves receive energy from the zonal flow. Similar to the observa-
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tion, long waves, dominated by standing eddies, are very active in this 
conversion. This is also consistent with that described in Figures 25 
and 26. 
4. Nonlinear exchange of the available potential and kinetic energy 
In order to complete the analysis of spectral energetics, the non­
linear exchange of the available potential and kinetic energy was also 
computed as Steinberg et al. (1971) and depicted in Figures 28 and 29. 
In the winter Northern Hemisphere, Figures 28a, 28b, 29a, and 29b 
show the general features that the available potential energy cascades 
from long waves to smaller scale waves, and the kinetic energy cascades 
from synoptic-scale waves to long waves and short waves in both models, 
similar to Steinberg et al. (1971) and Chen (1982). However, major dif­
ferences exist between these two models. For instance, in the NCAR CCM, 
the wavenumber 2 is exceptionally strong in cascading the available 
potential energy, and the standing mode of the wavenumbers 2 and 3 are 
important in cascading the kinetic energy. 
5. Energy diagram and discussion 
The detailed comparison of the energetics of standing and transient 
eddies between the NCAR CCM and the GLAS CM has been presented in previous 
sections. However, efforts have been made only in the discussion of each 
separate energy component or conversion. Obviously, it is also essential 
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to examine how each energy component and conversion is related to each 
other and how each energy component is maintained by the related conver­
sions. 
A conventional method to deal with this problem is by the use of 
hemispheric energy diagrams. Figure 30 shows the energy diagrams that 
emphasize the energetics of long and short waves in the winter Northern 
Hemisphere. The storage of hemispheric mean energy component is denoted 
inside the box. The direction of positive hemispheric mean energy conver­
sion will follow the direction of arrow. The parenthesized numerical 
values represent the contributions from the standing components. 
However, it should be kept in mind that the differences in the 3-
dimensional comparison presented in previous sections between these two 
models will be masked when hemispheric mean energies and conversions are 
compared. Therefore, it is important to recognize that the energy diagrams 
will provide only the overall contents of energies and the general direc­
tions of energy conversions. 
Figures 30a and 30b show the energy diagram of long and short waves 
for the NCAR CCM and the GLAS CM, respectively. The overall energy cycles 
are similar among the models and the observation by Chen (1982). Avail­
able potential energy is converted from the mean zonal flow to both long 
and short waves. Then the long- and short-wave available potential energy 
is converted to the long- and short-wave kinetic energy, respectively. 
The observation showed that kinetic energy is converted from both long 
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Figure 30. Schematic energy diagrams describing the atmospheric 
energetics of the long- and short-wave regime during 
Northern Hemisphere winter. The parenthesized numerical 
values represent the contributions from the standing com­
ponents. Units for the energy components are 105jm-2, 
and for the energy conversions, Wm"2. (a)-(d) as in 
Figure 8 
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and short waves to the mean zonal flow. However, these conversions tend 
to be an order of magnitude smaller than the other conversions due to the 
strong cancellation between positive and negative contributions. There­
fore, their directions tend to be unstable in the models. Similar to the 
observations by Chen (1982) and Steinberg et al. (1971), the available 
potential energy cascades from long waves to short waves in both models. 
However, while the observation indicates weak cascading of kinetic energy 
from short waves to long waves, both models show weak cascading from long 
waves to short waves. It is also noted that the directions of energy 
conversions in Figures 30a and 30b are similar to Figures 8a and 8b, 
respectively. 
106 
V. CONCLUDING REMARKS 
The kinetic energy of standing eddies and the momentum and sensible 
heat transports by standing eddies are usually not strong enough in the 
general circulation models. In addition, the most serious error in the 
numerical weather prediction occurs in the long waves. A comparison 
study is made on the energetics of standing and transient eddies simu­
lated by the GLAS Climate Model (CM) and the NCAR Community Climate Model 
(CCM) in both winter and summer seasons. The main objective of this study 
is to make diagnoses and intercomparisons of the energetics of standing 
eddies simulated by these two models to provide insight into the struc­
ture and maintenance of standing eddies and to offer information for the 
further development and improvement of the models themselves. 
The eddy energies and their related conversions in the Lorenz energy 
cycle are further split into the standing (time-mean) and transient (time-
departure) components to study their energetics. The first part of this 
study deals with the energetics in the physical domain. It is noted that 
most earlier energetic studies were presented in an area-integrated or 
zonally averaged format which precludes any description of longitudinal 
differences. In this study, particular attention is focused on the 3-
dimensional structure of the dynamic and thermal fields of standing and 
transient eddies. In addition, one energy conversion that is essential 
to the maintenance of standing eddy kinetic energy requires the estimation 
of vertical velocity field which is difficult to evaluate from observa­
tional data. The calculation from a general circulation model may provide 
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some internally consistent information with regard to this process. 
Both the GLAS CM and the NCAR CCM simulate well the general features 
of the structure and maintenance of standing and transient eddies in the 
atmosphere. However, as were presented in the previous sections, differ­
ences with the observation do exist in both models and with each other 
between these two models. 
In the winter Northern Hemisphere, it is found that the structure of 
standing eddies is associated with the distribution of continents and 
oceans, and that the maintenance of standing eddies is closely related to 
the jet streams. In both models, the weaker than observed Ag (standing 
eddy available potential energy) in the mid-troposphere is mainly due to 
the fact that the thermal trough over eastern North America is absent from 
both models. And the somewhat weaker than observed Kg (standing eddy 
kinetic energy) in the upper troposphere may be due to the weak Kg asso­
ciated with the jet stream near the United States. 
Ag is primarily maintained by the energy conversion from A^ (mean 
zonal available potential energy) through down-gradient sensible heat 
transport in mid-latitude of the lower troposphere over eastern Asia, 
central North Atlantic Ocean and the west coast of North America. The 
somewhat weak conversion in the NCAR CCM is primarily caused by the ab­
sence of a strong positive standing eddy sensible heat transport over 
central North Atlantic Ocean. In contrast, the weak conversion in the 
GLAS CM is mainly due to the weak zonal temperature gradient. 
Kg is partly maintained by strong conversion from Ag in the mid-
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troposphere over the east coast of Asia and the west coast of North 
America, with sinking of cold air in the former center and rising of 
warm air in the latter. In the GLAS CM, although both centers are 
stronger than the NCAR CCM, the strong cancellation by the negative con­
versions in other regions causes the overall conversion to be weaker. 
It is worth noting that, in the upper troposphere, the mean zonal flow 
acts to maintain Kg over both oceanic storm tracks and the west coast of 
the United States where Kg are most intense. In the GLAS CM, this con­
version is weaker over Japan, but stronger over the west coast of the 
United States than the NCAR CCM. In addition, the stronger equatorward 
momentum transport in the GLAS CM causes the overall conversion to be 
weaker than the NCAR CCM. More importantly, the strong conversion at 
the top level of the GLAS CM, which is closely related to the abnormally 
strong mean zonal flow and momentum flux there, does not appear in the 
NCAR CCM. 
Conversions of energy from standing to transient eddies tend to 
occur at locations where standing eddies are prominent, indicating the 
dissipative role of transient eddies. Both models also show that Ky is 
converted into Kg south of the Aleutian Islands and Iceland where migra­
tory cyclones interact with the permanent cyclones through the so-called 
occlusion process. 
Considering the facts that the general circulation models tend to 
have difficulties in simulating the long waves, and the observation 
indicates that the major energy content of standing eddies exists in the 
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long-wave regime, a comparison of the energetics of standing and tran­
sient eddies in the spectral domain between these two models is performed 
in the second part of this study. Eddy energies and conversions are re­
solved into spectral of one-dimensional Fourier components around 
latitude circles, following a formulation similar to Chen (1982) which 
is a revised version of Saltzman (1957). The main objective is to evaluate 
the contribution from various scales of wave motions. 
It is found that standing eddy energies and conversions are dominated 
by the long waves (wavenumbers 1-4) in both models. In the mid-tropo­
sphere, the available potential energy of standing long waves in both 
models are not strong enough, especially in the GLAS CM. Near 200 mb, 
the kinetic energies of standing long waves are slightly weak in both 
models. In the NCAR CCM, both the available potential and kinetic 
energies of the total and standing wavenumber 2 are stronger than the GLAS 
CM, and their energy contents are very close to wavenumber 1. It is noted 
that both the kinetic energies of standing and transient long waves in­
crease with height above 200 mb in the GLAS CM. 
In the mid-troposphere, the weak conversion from mean zonal flow to 
maintain Ag in the NCAR CCM is mainly caused by the weak poleward 
sensible heat transport by standing long waves. In contrast, the weak 
conversion in the GLAS CM is primarily due to the weak poleward transport 
by standing long waves and zonal temperature gradient. It is further 
noted that standing wavenumber 2 is stronger in the NCAR CCM than in the 
GLAS CM, but the opposite is true for standing wavenumbers 1 and 3. 
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The conversion from Ag to Kg by standing long waves is not strong 
enough in the GLAS CM. In the NCAR CCM, this conversion is largely con­
tributed by standing wavenumber 2 which is much stronger than the GLAS 
CM. Since in the GLAS CM the positive conversion by standing wavenumber 
2 is locally stronger than the NCAR CCM, therefore, the cancellation by 
negative conversion also occurs at standing wavenumber 2. 
The conversion from Kg to K^ is dominated by long waves in both 
models. The strong conversions from Kg to K^ at the top level of the 
GLAS CM is primarily due to the contribution from standing long waves. 
For the nonlinear exchange of energies, both models indicate the 
general features in the observation that the available potential energy 
cascades from large- to small-scale waves, and the kinetic energy cascades 
from synoptic-scale to long and short waves. It is noted that, in the NCAR 
CCM, the wavenumber 2 is exceptionally strong in cascading the available 
potential energy, and the standing wavenumbers 2 and 3 are very active in 
cascading the kinetic energy. 
The existence of the standing eddies is usually attributed to the 
longitudinally nonuniform external forcings, such as topography, land-sea 
contrast and diabatic heating. The topography and the land-sea contrast 
are similar between these two models. And it is noted that the geographi­
cal distributions of the thermal and dynamic fields of standing eddies 
and their related conversions are closely related to the strength and 
location of the jet streams. It is known that jet streams are strongly 
associated with the north-south temperature gradient which is essentially 
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maintained by the diabatic heating fields. In addition, Ramanathan et al. 
(1983) have attributed the more realistic simulation of jet streams by 
the NCAR CCM to the more proper treatment in the radiative processes. 
Therefore, it is suggested that the differences in the behavior of stand­
ing eddies between these two models are primarily due to the differences 
in their diabatic heating fields. 
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VIII. APPENDIX: 
COMPARISON FOR THE ENERGETICS OF STANDING AND TRANSIENT 
EDDIES IN THE GLAS CLIMATE MODEL AND THE NCAR COMMUNITY CLIMATE 
MODEL IN THE SUMMER SOUTHERN HEMISPHERE, SUMMER 
NORTHERN HEMISPHERE AND WINTER SOUTHERN HEMISPHERE 
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This Appendix contains comparisons of the energetics of standing 
and transient eddies between the GLAS Climate Model (CM) and the NCAR 
Coiranunity Climate Model (CCM) in the summer Southern Hemisphere, summer 
Northern Hemisphere and winter Northern Hemisphere. The comparisons of 
energetics are primarily made in the spectral domain, similar to section 
IV, except the interactions between the standing and transient eddies 
which were calculated in the physical domain. 
Latitude-pressure cross-sections are used in the comparisons. How­
ever, horizontal distributions for the sensible and momentum transports, 
and the available potential and kinetic energies of transient eddies in 
the winter Southern Hemisphere are also provided. Energy diagrams are 
used to summarize the discussions. 
A. Sensible Heat and Momentum Transport 
!• Sensible heat transport 
a» Summer Southern Hemisphere The patterns of the total eddy heat 
transports in both models (Figures 9a and 10a) are similar to the observa­
tion of Chen and Buja (1983), except the maximum of the poleward transport 
in the troposphere occurs at 850 mb in both models instead of 700 mb in the 
observation. While the peak values in the troposphere are similar between 
these two models, both are stronger than the observation. In the lower 
stratosphere, while the peak value of the poleward transport in the GLAS 
CM is comparable to the observation, it is somewhat weaker in the NCAR CCM. 
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Similar to the observation, both models show negligible transports by 
standing eddies. In addition, the transient short waves dominate the 
total transport in the troposphere, while transient long and short waves 
contribute comparably in the lower stratosphere. In the troposphere, both 
the transient long and short waves are comparable between these two models. 
However, in the lower stratosphere, the transient long waves are weaker in 
the NCAR CCM than in the GLAS CM. 
Summarizing, in the troposphere, the peak values of the poleward 
transport by transient eddies in both models occur at 850 mb compared to 
700 mb in the observation and are somewhat stronger. In the lower strato­
sphere, the transient long waves in the NCAR CCM are somewhat too weak. 
b. Summer Northern Hemisphere In the troposphere, both models 
(Figures 31a and 32a) show the poleward displacement and the sharp decrease 
in intensity from winter to summer in the maximum of total poleward 
transport, similar to the observation of Chen and Buja (1983). However, in 
the lower stratosphere, both models display very weak seasonal change in 
the poleward transport, in contrast to the observation. 
In the troposphere, while the observation has a maximum near 850 mb, 
the NCAR CCM shows a broad maximum in the mid-troposphere, and the GLAS CM 
has peak value near the surface. It turns out that the poleward transport 
in the mid-troposphere is too strong in the NCAR CCM but too weak in the 
GLAS CM. Similar to that in winter, both models show that the maximum 
transports in the short-wave regime (Figures 31c and 32c) occur south of 
the long-wave regime, and the short waves are comparable to the long waves. 
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In addition, the standing eddies are very weak during summer, and the 
transient short waves are active in mid-latitudes, and the transient long 
waves at high latitudes. In the mid-troposphere, both the transient long 
and short waves are weaker in the GLAS CM than in the NCAR CCM. 
In the lower stratosphere, both models have a center of poleward 
transport near 45°N, with peak values similar to the observations (Lau et 
al., 1981). However, while the center is mainly contributed by the 
transient eddies in the observation, it is dominated by the standing long 
waves in the NCAR CCM and is contributed equally by the standing and 
transient long waves in the GLAS CM. 
Summarizing, in the mid troposphere, the poleward transport is too 
strong in the NCAR CCM but too weak in the GLAS CM, and both the transient 
long and short waves are weaker in the GLAS CM than in the NCAR CCM. In 
the lower stratosphere, although the peak values of the poleward transport 
are comparable among the models and the observations, it is dominated by 
the standing long waves in the NCAR CCM, but is equally contributed by the 
standing and transient long waves in the GLAS CM, in contrast to being 
mainly contributed by the transient eddies in the observation. 
C' Winter Southern Hemisphere Similar to the observation of Chen 
and Buja (1983), both models show that the seasonal change in the total 
sensible heat transport in the Southern Hemisphere is not as sharp as in 
the Northern Hemisphere. 
In the troposphere, both models (Figures 31a and 32a) are character­
ized by strong poleward transports, with patterns and intensities similar 
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to the observation. In addition, the standing eddies are very weak, and 
the transient short waves are more important than the transient long 
waves. Both the transient long and short waves are comparable between 
these two models. It is also noted that, in both models, the transient 
short waves are active in mid-latitudes, and the transient long waves at 
high latitudes. 
In the lower stratosphere, both models simulate poleward transport 
dominated by transient eddies in mid-latitudes. While the intensities are 
comparable between the NCAR CCM and the observation, the transport in the 
GLAS CM is weaker. It is also noted that the transient long and short 
waves contribute equally. It turns out that both the transient long and 
short waves are weaker in the GLAS CM than in the NCAR CCM. However, the 
observed equatorward transport at high latitudes does not occur in the 
NCAR CCM. Although this equatorward transport also exists in the GLAS CM, 
it is stronger than the observation. It turns out that the standing eddy 
transport is stronger in the GLAS CM than in the observation. 
Summarizing, in the troposphere the poleward transports are quite 
similar between these two models. However, in the lower stratosphere, the 
poleward transports in mid-latitudes by both the transient long and short 
waves are weaker in the GLAS CM than in the NCAR CCM. At high latitudes 
of the lower stratosphere, while the NCAR CCM does not simulate the ob­
served equatorward transport by transient eddies, the equatorward 
transports by standing long waves are too strong in the GLAS CM. 
The horizontal distribution of the vertically integrated sensible 
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heat transport by transient eddies is displayed in Figures 33a and 33b for 
the NCAR CCM and the GLAS CM, respectively. The observational study of 
Physick (1981) showed that during the FGGE (1979) winter at 850 mb there 
is significantly greater activity in the eastern hemisphere compared to 
the western. In fact, the region from south of Africa through the Indian 
Ocean to south of New Zealand could be classed generally as a storm track 
between the latitudes of 45°S and 60°S. However, Figures 33a and 33b 
indicate that both models show stronger transient eddy sensible heat 
transport in the southern Pacific Ocean. It is noted that the transient 
eddy sensible heat transport is generally stronger in the GLAS CM than in 
the NCAR CCM. 
2. Momentum transport 
a. Summer Southern Hemisphere The total eddy momentum transports 
in both models (Figures 11a and 12a) are characterized by poleward 
transports around 30°S and equatorward transports in higher latitudes, 
similar to the observation of Chen and Buja (1983). However, the inten­
sities are much weaker in the NCAR CCM than in the GLAS CM. In the GLAS 
CM, while the equatorward transport is comparable to the observed, the 
poleward transport is weaker. It is also noted that the zeroline is dis­
placed 10° equatorward in both models, compared to the observation. 
The standing eddies are very weak in both models and the observation. 
In the NCAR CCM, both the transient long and short waves are too weak. In 
the GLAS CM, however, it can't be determined if the weaker than observed 
poleward transport is due to the transient long or short waves or both. 
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Figure 33. Horizontal distribution of (a) <v'T'> in the NCAR COM, (b) 
<v'T'> in the GLAS CM, (c) <u'v'> in the NCAR CCM, and (d) 
<u'v'> in the GLAS CM, in the winter Southern Hemisphere. 
Units for (a) and (b) are Kms~l, and for (c) and (d), mfs-Z 
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It is interesting to note that the transient short waves dominate the 
transports in mid-latitudes and the transient long waves at high latitudes. 
Summarizing, while both the transient long and short waves are too 
weak in the NCAR CCM, the poleward transport by transient eddies in mid-
latitudes of the GLAS CM is also too weak. In addition, the zeroline is 
displaced 10° equatorward in both models. 
b. Summer Northern Hemisphere The total eddy momentum transports 
in both models (Figures 34a and 35a) show a very sharp decrease from winter 
to summer, similar to the observation of Chen and Buja (1983) and Lau et al. 
(1981). However, in the NCAR CCM, both the poleward transport in mid-
latitudes and the equatorward transport at high latitudes are weaker than 
the GLAS CM and the observation. In the GLAS CM, the poleward transport in 
mid-latitudes is also weaker than the observed. 
In mid-latitudes, poleward transports by standing and transient eddies 
occur in both models, similar to the observation. However, their inten­
sities are much weaker than the observed, especially the standing eddies in 
the GLAS CM and the transient eddies in the NCAR CCM. The standing eddies 
are dominated by the long waves in both models. Although the transient 
short waves are comparable between these two models, the transient long 
waves transport momentum equatorward instead of poleward in the NCAR CCM. 
At high latitudes, equatorward transports by standing and transient 
eddies occur in both models, similar to the observation. However, the 
transient eddies in both models are weaker than the observation, especially 
in the NCAR CCM. It seems the transient long waves are weaker in the 
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Figure 34. Global latitude-pressure distribution of the momentum transport during Northern 
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Figure 35. Global latitude-prèssure distribution of the momentum transport during Northern 
Hemisphere summer in the GLAS CM. Units: m2s-2. (a)-(h) as in Figure 10 
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NCAR CCM than in the GLAS CM. 
At low latitudes near 200 mb, both models simulate equatorward 
momentum transport, which does not exist in the study of Chen and Buja 
(1983). It comes mainly from the standing long waves in the GLAS CM 
but from both the standing long waves and the transient short waves in 
the NCAR CCM. 
Summarizing, in mid-latitudes, the poleward transports by the stand­
ing and transient eddies in both models are weaker than the observation, 
especially the standing long waves in the GLAS CM. More importantly, the 
transient long waves in the NCAR CCM transport momentum equatorward 
instead of poleward. At high latitudes, the equatorward transports by 
transient eddies in both models are weaker than the observation, especially 
the transient long waves in the NCAR CCM. At low latitudes, both models 
simulate equatorward transports in contrast to the observation. 
c. Winter Southern Hemisphere Near 250 mb, the observational 
study by Chen and Buja (1983) displayed a strong poleward momentum 
transport in mid-latitudes and an intense equatorward transport at high 
latitudes with a zeroline located at 60°S. The transports are mainly 
performed by the transient eddies. 
In mid-latitudes, poleward transports dominated by transient eddies 
occur in both models (Figures 34a and 35a). While the NCAR CCM is only 
somewhat weaker than the observation, the GLAS CM is narrower and much 
weaker than the NCAR CCM. In addition, the transient long waves are 
stronger in the GLAS CM than in the NCAR CCM, and the opposite is true for 
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the transient short waves. 
At high latitudes, in the GLAS CM, the maximum center of equatorward 
transport, dominated by the transient long waves, is somewhat weaker and 
displaced toward the equator, compared to the observation. In the NCAR 
CCM, the transports are quite different, due to the strong standing long 
waves and weak transient long waves. 
Near the equator, both models simulate intense equatorward transport 
which is much stronger than the observation. It turns out that it is 
caused mainly by the strong standing long waves in the models. 
Summarizing, in mid-latitudes, the poleward transports by transient 
eddies in both models are weaker than the observation, especially in the 
GLAS CM. This is due mainly to the transient long and short waves in the 
NCAR CCM and the GLAS CM, respectively. At high latitudes, the equator-
ward transports by transient eddies in both models are weaker than the 
observation, especially in the NCAR CCM. This is due to the strong pole­
ward transport by the standing long waves and the weak equatorward 
transport by the transient long waves in the NCAR CCM. Near the equator, 
the equatorward transports by standing long waves in both models are too 
strong. 
The horizontal distribution of the vertially integrated transient 
eddy momentum transport is displayed in Figures 33c and 33d for the NCAR 
CCM and the GLAS CM, respectively. The observational study of Trenberth 
(1982) showed that at 500 mb poleward fluxes occur nearly everywhere north 
of 50°S with equatorward fluxes at higher latitudes. Maxima occur in the 
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Indian and Atlantic Oceans, and maximum convergence of westerly momentum 
takes place into the storm track in the southern Indian Ocean. In the 
GLAS CM (Figure 33d), strong poleward transport occurs in the southern 
Indian Ocean where strong poleward sensible heat transport also exists. 
In the NCAR CCM (Figure 33c), strong poleward transport occurs west of 
South America. Intense poleward transport also appears in the southern 
Pacific Ocean and near Australia. 
B. Eddy Available Potential and Kinetic Energies 
1. Available potential energy 
a. Summer Southern Hemisphere The observation of Chen and Buja 
(1983) displayed a double maxima structure of Ag in mid-latitudes, one in 
the mid-troposphere and the other in the lower stratosphere, and both are 
dominated by the transient eddies. Figures 13a and 14a indicate that both 
models exhibit the same double maxima structure. In addition, the stand­
ing eddies are also very weak in the models. 
However, in the mid-troposphere, while the transient eddies in the 
NCAR CCM are weaker than the observation, the opposite is true in the GLAS 
CM. It turns out that both the transient long and short waves in the 
GLAS CM are stronger than the NCAR CCM. 
In the lower stratosphere, while the peak value of Ay is comparable 
between the GLAS CM and the observation, it is weaker in the NCAR CCM. It 
seems that the difference between these two models comes mainly from the 
transient long waves. 
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Summarizing, standing eddies are very weak in both models and the 
observation. In the mid-troposphere, while the transient eddies are 
weaker in the NCAR CCM than in the observation, the opposite is true in 
the GLAS CM. In the lower stratosphere, the transient long waves in the 
NCAR CCM are also too weak. 
The spectral distribution of A^ is depicted in Figures 15c and 15d 
for the NCAR CCM and the GLAS CM, respectively. Although both models show 
the general tendency for the total and standing A^ to decrease as the 
wavenumber increases, some exceptions are observed, for instance, the total 
wavenumber 3 and the standing wavenumbers 3 and 4 in the NCAR CCM, and the 
standing wavenumber 4 in the GLAS CM. The observational study by Price 
(1975) also showed similar characteristics in the total A^ spectrum. Sim­
ilar to the winter Northern Hemisphere, the total A^ spectrum is close to 
a -3 power law between wavenumbers 8 and 15 in both models. In contrast, 
the power law exponent is near -4 in the study of Price (1975). The GLAS 
CM further shows a steeper decrease in the very short waves. 
b. Summer Northern Hemisphere The observational study of Chen 
and Buja (1983) displayed marked Ag in mid-latitudes of the upper 
atmosphere, with the standing eddies dominating near 30°N and the 
transient eddies at higher latitudes. Figures 36 and 37 indicate that 
these features are properly simulated in both models. Also, similar to the 
observation, both models show a very sharp decrease in tensity from winter 
to summer. 
In the upper troposphere, the location and intensity of the maximum 
(» 101*1 
<3 
m 
O o 
(IS 
(e) SIANDHG lOHC MB 
ts 
(ISi 
M8 
6S 
SIS 
90 -90 -60 -90 -30 -to -30 -90 -CO -30 
Figure 36. Global latitude-pressure distribution of Ag during Northern Hemisphere summer in the 
NCAR COM. Units: 10 Jm"2mb"l. (a)-(h) as in Figure 9 
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Figure 37. Global latitude-pressure distribution of Ag during Northern Hemisphere summer in the 
GLAS CM. Units: 10 Jm"2mb"i. (a)-(h) as in Figure 10 
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Ag in the GLAS CM are similar to the observation. Although comparable in 
intensity, the NCAR CCM shows marked Ag between 500 mb and 200 mb. While 
both centers of Aj at 400 mb and 200 mb in the GLAS CM are comparable to 
the observation, the intensities in the NCAR CCM are much weaker. This 
is due to the fact that in the NCAR CCM the transient long waves are dis­
placed too poleward, and the transient short waves are too weak. 
Near the surface, both models show relatively strong Ag which does 
not occur in the observation of Chen and Buja (1983). It comes mainly 
from the standing long waves in both models. It is noted that Chen and 
Buja (1983) also indicated a secondary maximum Ag in the lower tropo­
sphere, although weaker than the models. 
Summarizing, strong seasonal changes occur in both models and the 
observation. In the upper atmosphere, both models simulate marked Ag that 
are comparable to the observation. However, the transient long waves are 
displaced too poleward, and the transient short waves are too weak in the 
NCAR CCM. Near the surface, the standing long waves may be too strong in 
both models. 
The spectral distribution of Ap is depicted in Figures 39a and 39b 
for the NCAR CCM and the GLAS CM, respectively. In the GLAS CM, the 
spectrum of total A^ is quite similar to that described in winter. In 
contrast, in the NCAR CCM, it follows a -2 power law between wavenumbers 8 
and 15, in contrast to the -3 power law in winter. It is also noted that, 
in the NCAR CCM, while the standing wavenumber 1 is stronger in summer 
than in winter, the opposite is true for standing wavenumber 2. In con­
trast, in the GLAS CM, both the standing wavenumbers 1 and 2 are stronger 
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in summer than in winter. It is further noted that, in both models, the 
hemispheric contrast in the total and standing spectra mainly occurs in 
the long-wave regime. In both models, the standing wavenumbers 1 and 2 
are much stronger in the Northern Hemisphere than in the Southern Hemi­
sphere. Similar contrast also exists in the total spectra. In the GLAS 
CM, although the standing wavenumbers 5-7 are also much stronger in the 
Northern Hemisphere than in the Southern Hemisphere, the total wavenumbers 
5-7 are similar. 
C" Winter Southern Hemisphere The observational study of Chen 
and Buja (1983) displayed marked in the mid-troposphere and lower 
stratosphere near 60°S, both dominated by the transient eddies. Figures 
36a and 37a indicate that similar features exist in both models, although 
the marked centers were displaced toward the equator. Both models show 
Ag is somewhat stronger in winter than in summer, similar to Newell et al. 
(1974). In contrast, Chen and Buja (1983) observed that A^ is slightly 
weaker in winter than in summer. 
In both models, the standing eddies are very weak compared to the 
transient eddies, except near 300 mb and 30°S in the GLAS CM. While Ay in 
the NCAR CCM is comparable to the observation, the peak values in the 
GLAS CM are stronger. It turns out that both the transient long and short 
waves in the GLAS CM are stronger than in the NCAR CCM. 
Summarizing, the seasonal change in the Southern Hemisphere is weaker 
than in the Northern Hemisphere. The marked A^ observed at high latitudes 
in the upper troposphere and lower stratosphere are displaced equatorward 
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in both models. In addition, in the GLAS CM, the transient long and short 
waves may be too strong, and the standing long waves at 300 mb and 30°S 
may be too strong, also. 
The spectral distribution of is depicted in Figures 39c and 39d 
for the NCAR CCM and the GLAS CM, respectively. In both models, although 
the standing wavenumber 4 appears as a weak secondary maximum, the spec­
trum of total A^ does not show any appreciable secondary maximum as in the 
observation of Price (1975). Similar to the winter Northern Hemisphere, 
the total A^ spectrum is close to a -3 power law between wavenumbers 8 and 
15 in both models, and the GLAS CM further shows a steeper decrease in 
the very short waves. Again, Price (1975) indicated a near -4 power law 
spectrum similar to that in summer. It is noted that, in both models, 
while the standing wavenumbers 1 and 2 are stronger in summer than in 
winter, the opposite is true for standing wavenumbers 3 and 4. Also, the 
standing wavenumber 2 in the NCAR CCM is much weaker than the GLAS CM. 
Similar to that in the summer, both models indicate that the hemispheric 
contrast in the total and standing spectra mainly occurs in the long-wave 
regime. In the NCAR CCM, the standing wavenumbers 2 and 3 are much 
stronger in the Northern Hemisphere than in the Southern Hemisphere. 
Similar contrast also exists in the total spectra. In the GLAS CM, al­
though the standing wavenumbers 1-4 are also stronger in the Northern 
Hemisphere, the contrast is not as sharp as in the NCAR CCM. 
The horizontal distribution of the vertically integrated transient 
eddy available potential energy is displayed in Figures 38a and 38b for 
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Figure 38. Horizontal distribution of (a) <Ay> in the NCAR CCM, (b) <A^> 
in the GLAS CM, (c) <Ky> in the NCAR CCM, and (d) <Ky> in the 
GLAS CM, in the winter Southern Hemisphere. Units: lO^Om"^ 
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Figure 39. Spectral distribution of Ap during Northern Hemisphere 
summer. Units: Jni"2, (a)-(d) as in Figure 15 
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the NCAR CCM and the GLAS CM, respectively. It is noted that the intensity 
is much weaker in the NCAR CM than in the GLAS CM, especially over southern 
Atlantic and Indian Oceans. In the GLAS CM, prominent intensities occur 
over central Pacific, Atlantic and Indian Oceans. 
2. Kinetic energy 
a. Summer Southern Hemisphere The observational studies of Chen 
and Buja (1983) and Newell et al. (1974) showed a maximum Kg at 50°S and 
250 mb, with Ky dominating over Kg. Both models (Figures 16a and 17a) 
display marked Kg around 45°S and 250 mb. Although the peak value in the 
GLAS CM is stronger than in the NCAR CCM, both are much weaker than the 
observation. 
Similar to the observation, the standing eddies are weak in both 
models. In addition, both models indicate that the transient short waves 
are active in mid-latitudes and the transient long waves at high latitudes. 
It is further noted that both the transient long and short waves in the 
NCAR CCM are weaker than the GLAS CM. 
Summarizing, Kg is very weak in both models and the observation. Both 
the transient long and short waves in the NCAR CCM are weaker than the 
GLAS CM, which in turn are also weaker than the observation. 
The spectral distribution of is depicted in Figure 18c and 18d 
for the NCAR CCM and the GLAS CM, respectively. The spectra of total K^ 
are quite similar between these two models. The energy contents of wave-
numbers 1-6 are quite the same, and the spectrum follows close to a -3 
power law between wavenumbers 8 and 15. These features are quite similar 
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to the observation by Price (1975) who showed that the absolute maximum 
occurs at wavenumber 4, and a secondary maximum, almost the same size, at 
wavenumber 1, and that the spectrum is close to a -3 power law. It is 
also noted that, in the NCAR CCM, a significant secondary maximum occurs 
at wavenumber 3, which is almost the same size as the major maximum at 
wavenumber 1. In contrast, in the GLAS CM, a weak secondary maximum 
appears at standing wavenumber 4. 
b. Summer Northern Hemisphere The observational studies (Chen 
and Buja, 1983; Peixoto and Oort, 1974; Newell et al., 1974) showed a 
maximum Kg at 250 mb and 50°N. Although the maximum in the NCAR CCM 
(Figure 40a) occurs at the same location, its intensity is much too weak. 
In contrast, although the peak value in the GLAS CM (Figure 41a) is 
comparable to the observation, it is displaced 15° equatorward. 
In mid-latitudes. Kg and Ky in the NCAR CCM are weaker than the 
GLAS CM. While Kg in the GLAS CM is stronger than the observation, Kj is 
weaker. Similar to the winter Northern Hemisphere, both models indicate 
that the transient short waves are active in mid-latitudes and the 
transient long waves at high latitudes. It is further revealed that the 
difference in Kj between these two models mainly comes from the short 
waves. 
Near the equator, both models simulate a maximum Kg in the lower 
stratosphere and a secondary maximum in the lower troposphere. Not only 
the secondary maximum was not observed, but also the peak values in the 
lower stratosphere of both models are much stronger than the observed. 
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Figure 40. Global latitude-pressure distribution of Kg during Northern Hemisphere summer in the 
NCAR CCM. Units: lOJm-^mb-l. (a)-(h) as in Figure 9 
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Figure 41. Global latitude-pressure distribution of Kc during Northern Hemisphere summer 
GLAS CM. Units: lOJm'^mb"!. (a)-(h) as in Figure 10 
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It is further revealed that both maxima in the NCAR CCM are stronger than 
the GLAS CM, and that both maxima are mainly contributed by the standing 
long waves in both models. 
Summarizing, in mid-latitudes, Kg is much weaker than Kj in both 
models and the observation. Kj in the NCAR CCM is weaker than the GLAS CM, 
which in turn is also weaker than the observation. The difference in Ky 
between these two models mainly comes from the short waves. Near the 
equator, both models simulate too strong standing long waves in the lower 
troposphere and lower stratosphere. 
The spectral distribution of is depicted in Figure 42a and 42b 
for the NCAR CCM and the GLAS CM, respectively. In the GLAS CM, the 
spectrum of total is quite similar to that described in winter. In 
contrast, in the NCAR CCM, it follows close to a -2 power law between 
wavenumbers 8 and 15, in contrast to the -3 power law in winter. It is 
noted that similar contrast also exists in the spectral distributions of 
A^. Saltzman (1970) showed that the spectrum of total has a maximum 
at wavenumber 2, which is much stronger than wavenumber 1. This is in 
sharp contrast to both models. In the NCAR CCM, while the standing wave-
number 1 is stronger in summer than in winter, the opposite is true for 
standing wavenumbers 2 and 3. In contrast, in the GLAS CM, although the 
standing wavenumber 1 in summer is comparable to that in winter, the 
standing wavenumbers 2-4 are much weaker. In both models, the hemispheric 
contrast in the total and standing spectra mainly occurs in the long-wave 
regime. In the NCAR CCM, while the standing wavenumbers 1 and 2 are 
much stronger in the Northern Hemisphere than in the Southern Hemisphere, 
the opposite is true for the standing wavenumber 3. Similar contrast also 
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Figure 42. Spectral distribution of Kn during Northern Hemisphere 
summer. Units: Jm"2. (a)-(d) as in Figure 15 
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exists in the total spectrum. In contrast, in the GLAS CM, the standing 
wavenumbers 1 and 2 are stronger in the Northern Hemisphere, but the 
standing wavenumbers 3-5 are stronger in the Southern Hemisphere. 
c. Winter Southern Hemisphere The observational study by Chen 
and Buja (1983) showed a double maxima structure of Kg around 250 mb, one 
at 50°S, the other at 35°S, with Ky dominating over Kg. The GLAS CM 
(Figure 41a) simulates properly the location and strength of both maxima. 
In contrast, the NCAR CCM (Figure 40a) display marked Kg around 250 mb 
and 45°S with somewhat weaker intensity. 
In the GLAS CM, although the peak value of Kg at 35°S is similar to 
the observation, the peak value of Kj there is weaker. This also sug­
gests that the peak value of Kg there may be too strong. 
In the NCAR CCM, both Kg and Ky are weaker than the GLAS CM. It 
appears that in mid-latitudes the transient short waves in the NCAR CCM 
are stronger than in the GLAS CM. This suggests that the weak Ky in the 
NCAR CCM comes mainly from the transient long waves. 
Summarizing, near 35°S, Kg in the GLAS CM is stronger than the ob­
servation, but Ky is weaker, due to the short waves. In the NCAR CCM, 
the transient long waves are somewhat weaker. 
The spectral distribution of K^ is depicted in Fiaure 42c and 42d 
for the NCAR CCM and the GLAS CM, respectively. Similar to that in sum­
mer, the spectra of total K^ show that the energy contents in wavenumbers 
2-5 are quite the same, and that a -3 power law exists between wavenumbers 
8 and 15 in both models. These features are similar to the observation by 
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Price (1975). In both models, while the total long waves are stronger in 
winter than in summer, the total short waves are comparable. Similar to 
that in the summer, both models indicate that the hemispheric contrast in 
the total and standing spectra mainly occurs in the long-wave regime. In 
the NCAR CCM, while the standing wavenumber 1 is stronger in the Southern 
Hemisphere than in the Northern Hemisphere, the opposite is true for the 
standing wavenumbers 2 and 3. Similar contrast exists in the total 
spectra. In the GLAS CM, the standing wavenumbers 3-5 are much stronger 
in the Northern Hemisphere than in the Southern Hemisphere. 
The horizontal distribution of the vertically integrated transient 
eddy kinetic energy is displayed in Figure 38c and 38d for the NCAR CCM and 
the GLAS CM, respectively. The observational study of Trenberth (1982) 
showed that at 500 mb maximum transient eddy kinetic energy occurs in the 
southern Indian Ocean near Australia. The region of marked intensity cor­
responds well with the storm track. In both models (Figures 38c and 38d), 
marked intensity also occurs in the southern Indian Ocean. However, strong 
intensity also exists in the southern Pacific Ocean. 
C. Energy Conversions 
1. Conversion between zonal (A^) and eddy (A^) available potential energy 
a. Summer Southern Hemisphere Both models (Figures 19a and 20a) 
display that the patterns of the conversion are similar to those of the 
winter Northern Hemisphere, although the intensities are weaker. This is 
similar to the observations of Chen and Buja (1983) and Newell et al. 
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(1974). In the mid-troposphere, the positive conversions are somewhat 
weaker in the GLAS CM than in the NCAR CCM, although both are weaker than 
Chen and Buja (1983). In the lower stratosphere of the NCAR CCM, although 
somewhat stronger than the counterpart in the winter Northern Hemisphere, 
the negative conversion is still weaker than the observation. In contrast, 
positive conversion occurs in mid-latitudes in the GLAS CM, which is^ 
opposite to the observation. Figure 9a indicated that the eddies transport 
the sensible heat poleward in the lower stratosphere of the GLAS CM similar 
to the observation. Therefore, the positive CfA^, A^) is due to the fact 
that the zonal temperature is warm in the tropics and cold in the pole in 
the GLAS CM. 
In the troposphere, both models show that the short waves (Figures 
19c and 20c) dominate the conversions. In the lower stratosphere, while 
both the long and short waves are weak in the NCAR CCM, the long and 
short waves contribute equally in the GLAS CM. 
Similar to the observation by Chen and Buja (1983), both models dis­
play that the conversion is dominated by the transient eddies (Figures ISf 
and 20f). In the troposphere, both models further show that the conversion 
is dominated by the transient short waves. Figures 9f and lOf show that 
[v'T'] is stronger in the NCAR CCM than in the GLAS CM, and both are 
stronger than the observation by Chen and Buja (1983). Therefore, the weak 
conversions in the mid-troposphere in both models are primarily due to the 
weak zonal temperature gradient. 
In the lower stratosphere, while both the transient long and short 
waves are weak in the NCAR CCM, the transient long and short waves con­
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tribute equally to the positive conversion in the GLAS CM. Figures 9f and 
lOf show that while [v'T'] in the GLAS CM is similar to the observation, it 
is weaker in the NCAR CCM. Furthermore, the sensible heat transports by 
transient short waves are comparable between these two models. Therefore, 
the weak negative conversion in the NCAR CCM is partly due to the weak 
sensible heat transport by transient long waves. In contrast, the positive 
conversion in the GLAS CM is caused by the opposite zonal temperature 
gradient. 
Summarizing, the weak positive conversions in the mid-troposphere in 
both models are primarily due to the weak zonal temperature gradient. 
And the weaker conversion in the GLAS CM than in the NCAR CCM is partly 
due to the weaker sensible heat transport by transient short waves in the 
GLAS CM. In the lower stratosphere, the weaker than observed negative 
conversion in the NCAR CCM is partly due to the weak sensible heat 
transports by transient long waves, while the positive conversion in the 
GLAS CM is caused by the opposite zonal temperature gradient. 
The spectral distribution of CiAj, A^) is depicted in Figure 21c 
and 21d for the NCAR CCM and the GLAS CM, respectively. It is interesting 
to note that the weaker conversion in the short-wave regime in the GLAS CM 
than in the NCAR CCM does not occur in the synoptic scales, but in smaller 
scales. 
b. Summer Northern Hemisphere Similar to the observations by 
Chen and Buja (1983) and Oort and Peixoto (1974), both models (Figures 
43a and 44a) show that in the troposphere the positive conversions reduce 
sharply from winter to summer, with marked conversions occurring in upper 
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troposphere. However, the regions of marked conversion are displaced 15° 
poleward in both models when compared to the observations. In addition, 
while the peak value in the NCAR CCM is stronger than the observations, 
the peak value in the GLAS CM is weaker than the observed. In the lower 
stratosphere, while negative conversion occurs in the NCAR CCM, which is 
somewhat weaker than the observations, weak positive conversion exists in 
the GLAS CM. 
Figures 43b and 43c display that, in the troposphere, the long and 
short waves contribute equally in the NCAR CCM. In contrast. Figures 44b 
and 44c show that in the GLAS CM, the short waves are active in mid-
latitudes and the long waves at higher latitudes. In the lower strato­
sphere, while the long waves dominate the conversion in the NCAR CCM, the 
long and short waves contribute comparably in the GLAS CM. 
In the troposphere, both models show that the standing eddies 
(Figures 43d and 44d) are very weak, similar to the observation by Chen 
and Buja (1983). Both models indicate that the transient short waves are 
somewhat more important than the transient long waves. In contrast, the 
transient short waves are active in mid-latitudes in the GLAS CM, and at 
higher latitudes in the NCAR CCM, and are stronger in the NCAR CCM than in 
the GLAS CM. Figure 31f showed that, although [v'T'] in the NCAR CCM is 
comparable to the observed, it is displaced toward the pole. In Figure 32f 
showed that [v'T'] is much weaker in the GLAS CM than in the observation or 
the NCAR CCM. 
In the lower stratosphere, the negative conversion in the NCAR CCM is 
dominated by the standing long waves, in contrast to that by the transient 
eddies in the observation. Figures 31a and 43a show that, although the 
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eddy sensible heat transport is stronger in the NCAR COM than in the ob­
servation, [(A^, Ag) is weaker in the NCAR CCM. Therefore, it seems to 
suggest that the zonal temperature gradient is weaker in the NCAR CCM. 
In the GLAS CM, Figures 32a and 44a also suggest that the zonal temperature 
gradient is not only opposite but also weaker than the observation. 
Summarizing, in the troposphere, the positive conversion in the NCAR 
CCM is displaced 15° poleward due to the displaced [v'T'], while the weak 
positive conversion in the GLAS CM is due to the weak [v'T']. In the 
lower stratosphere, the negative conversion in the NCAR CCM is contributed 
by the standing eddies instead of that by the transient eddies in the ob­
servation, and the opposite zonal temperature gradient in the GLAS CM 
causes the conversion to be opposite to the observed. 
The spectral distribution of CfA^, A^) is depicted in Figure 45a 
and 45b for the NCAR CCM and the GLAS CM, respectively. It is noted that 
the magnitudes are much smaller than their counterparts in the winter 
Northern Hemisphere. Both models indicate that wavenumber 1 contributes 
negatively, similar to Saltzman (1970), and is primarily caused by the 
standing eddies. Also, similar to the observation, the synoptic eddies 
contribute importantly in both models. It is also noted that the wave-
number 2 in the GLAS CM has a negative contribution in contrast to the 
NCAR CCM and the observation. 
c. Winter Southern Hemisphere Both models (Figures 43a and 44a) 
show marked positive conversions in mid-latitudes of the mid-troposphere 
and lower stratosphere, similar to the observation of Chen and Buja (1983). 
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In the mid-troposphere and lower stratosphere, while the positive conver­
sions in the GLAS CM are comparable to the observation, the positive con­
versions in the NCAR CCM are stronger. In the high latitudes of the 
lower stratosphere, a negative conversion with magnitude comparable to the 
observation exists in the GLAS CM, while positive conversion prevails in 
the NCAR CCM. 
Both models display that in the troposphere the short waves are more 
important than the long waves, while the long and short waves contribute 
comparably in the lower stratosphere. 
Similar to the observation, both models indicate that the standing 
eddies are very weak. 
Both models show that the transient short waves are more important 
than the transient long waves in the troposphere, while the opposite is 
true in the lower stratosphere. In the GLAS CM, the standing and tran­
sient long waves contribute equally to the negative conversion in the 
high latitudes of the lower stratosphere, in contrast to the dominant 
contribution by the transient eddies in the observation. In the NCAR 
CCM, although the transient short waves possess a weak negative conver­
sion in the high latitudes of the lower stratosphere, it was cancelled by 
the positive conversion from the standing and transient long waves. It is 
noted that, by comparing with Figures 31 and 32, in the troposphere the 
maximum conversion occurs at a higher level than the maximum of [v'T'] in 
both models. This is in contrast to the observation that the two maxima 
tend to coincide. 
Summarizing, in the mid-troposphere, the somewhat stronger positive 
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conversion in the NCAR CCM is due to the somewhat stronger [v'T'] than 
the observation. In the high latitudes of the lower stratosphere, the 
positive conversion in the NCAR CCM is due to the poleward transport of 
sensible heat by the standing and transient long waves, in contrast to the 
equatorward transport in the GLAS CM and the observation. 
The spectral distribution of CfA^, A^) is depicted in Figure 45c 
and 45d for the NCAR CCM and the GLAS CM, respectively. The distributions 
are quite similar between these two models. Both models indicate the 
important contribution by the synoptic eddies. It is noted that both 
models show strong contribution by the standing eddies in the wavenumber 
1. The high wavenumbers are more important in the NCAR CCM than in the 
GLAS CM. 
2. Conversion between eddy available potential (Ag) and kinetic (Kg) 
energy 
a. Sunmer Southern Hemisphere Both models (Figures 22a and 23a) 
show maximum positive conversion in mid-latitudes of the mid-troposphere, 
similar to the observation of Chen and Buja (1983). The intensities are 
comparable between these two models and are both stronger than the ob­
servation. In the lower stratosphere, negative conversion prevails in 
both models, similar to the observation. While the intensity in the GLAS 
CM is comparable to the observation, it is somewhat stronger and dis­
placed equatorward in the NCAR CCM. 
In the mid-troposphere, while the conversion in the NCAR CCM is 
dominated by the short waves, the conversion in the GLAS CM is contributed 
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comparably by the long and short waves. Similar to the observation, both 
models show that the conversion is dominated by the transient eddies, and 
the standing eddies are very weak. Therefore, the transient short waves 
are stronger in the NCAR CCM than in the GLAS CM, and the opposite is 
true for the transient long waves. 
In the lower stratosphere, the negative conversions are contributed 
comparably by the long and short waves in both models. While the standing 
eddies are much weaker than the transient eddies in the NCAR CCM, they 
are comparable in the GLAS CM. While the transient long waves are com­
parable between these two models, the transient short waves are stronger 
in the NCAR CCM than in the GLAS CM. 
Summarizing, in the mid-troposphere, the transient eddies are 
stronger in both models than in the observation. While the transient 
short waves are stronger in the NCAR CCM than in the GLAS CM, the opposite 
is true for the transient long waves. In the lower stratosphere, the 
transient short waves are stronger in the NCAR CCM than in the GLAS CM. 
The spectral distribution of C(An, K^) is depicted in Figure 24c 
and 24d for the NCAR CCM and the GLAS CM, respectively. In the NCAR CCM, 
in addition to the synoptic eddies, the smaller scale eddies contribute 
importantly to the transient component. The long waves are much smaller 
than the short waves. In the GLAS CM, as indicated in Figure 23g, the 
long waves are comparable to the short waves. Although the short waves 
are dominated by the synoptic eddies, the smaller-scale eddies cannot be 
ignored. 
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b» Summer Northern Hemisphere The observational study of Chen 
and Buja (1983) showed that the maximum of the positive conversion in the 
mid-troposphere was not only reduced in strength but also moved from 45°N 
to 55°N from winter to summer. This is also the case in these two models 
(Figures 46a and 47a), although the GLAS CM does not have a well-defined 
maximum. The peak values are comparable between these two models and are 
both stronger than the observation. In the lower stratosphere, a center 
of negative conversion occurs near 40°N in the NCAR CCM, similar to the 
observation, although somewhat stronger. In contrast, although negative 
conversion also prevails in the GLAS CM, it is much weaker than the NCAR 
CCM and the observation. 
In the troposphere, both models show that the short waves are more 
important than the long waves, and that the transient eddies dominate over 
the standing eddies, as in the observation. While the transient long 
waves are comparable between these two models, the transient short waves 
are somewhat stronger in the NCAR CCM than in the GLAS CM. 
In the lower stratosphere, both models show that the long waves are 
more important than the short waves. While the standing eddies dominate 
over the transient eddies in the NCAR CCM as in the observation, the 
standing and transient eddies are comparable in the GLAS CM. While the 
standing eddies in the NCAR CCM are somewhat stronger than the observa­
tion, it is much weaker in the GLAS CM. The transient eddies are compara­
ble among the models and the observation, and are very weak. 
Near the equator, similar contrast among the models and the observa­
tion persists from winter to summer. 
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Summarizing, while the NCAR COM simulates properly the positive con­
version in the high latitudes of the mid-troposphere which is mainly 
contributed by the transient short waves and the negative conversion in 
mid-latitudes of the lower stratosphere which is dominated by the stand­
ing long waves, the negative conversion by the standing long waves in the 
lower stratosphere of the GLAS CM is too weak. The differences that exist 
among the models and the observation near the equator in winter still 
occur in summer. 
The spectral distribution of C(A^, K^) as a function of wavenumber 
is depicted in Figures 48a and 48b for the NCAR CCM and the GLAS CM, 
respectively. In the NCAR CCM, the negative conversion in the lower 
stratosphere (Figure 46e) appears to be contributed equally from wave-
numbers 1, 2 and 4, and all smaller-scale waves contributed importantly 
to the transient component. In the GLAS CM, Figure 48b indicates that the 
positive conversion near the equator in Figure 47e is mainly contributed 
by wavenumber 1. The transient long waves shown in Figure 47g are con­
tributed equally from all scales of long waves, similar to the NCAR CCM. 
In addition, beside the synoptic eddies, all smaller scale waves also 
contributed importantly to the transient component. 
C' Winter Southern Hemisphere In the mid"troposphere, both 
models (Figures 46a and 47a) show that the maximum of the positive conver­
sion moves somewhat equatorward but changes only slightly in strength 
from summer to winter, similar to the observation of Chen and Buja (1983). 
The peak value is somewhat stronger in the GLAS CM than in the NCAR CCM 
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and are both stronger than the observation. In the lower stratosphere, 
similar to the observation, negative conversions occur near 30°S, and 
positive conversion appears near 45°S in both models. Both the positive 
and negative conversions are stronger in the models than in the observa­
tion. While the peak values of the negative conversion are comparable 
between these two models, the peak value of the positive conversion is 
stronger in the NCAR CCM than in the GLAS CM. However, in the high 
latitudes, the negative conversions in both models, with stronger inten­
sity in the GLAS CM, are contrary to the weak positive conversion in the 
observation. 
In the mid-troposphere, both models show that the positive conversion 
is dominated by the short-wave regime. Similar to the observation, both 
models display that the positive conversion is dominated by the transient 
eddies. It appears that both the transient long and short waves are 
stronger in the GLAS CM than in the NCAR CCM. 
In the lower stratosphere, both models show that the long waves are 
more important than the short waves, that the standing and transient eddies 
are both important, and that the standing eddies are dominated by the long 
waves. The negative conversion near 30°S comes from the standing long 
waves and the transient long and short waves in both models. While the 
positive conversion in mid-latitudes comes equally from the transient long 
and short waves in the NCAR CCM, it comes mainly from the transient long 
waves in the GLAS CM. In the high latitudes, while the negative conversion 
comes mainly from the standing long waves in the NCAR CCM, it comes from 
the standing and transient long waves in the GLAS CM. 
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The spectral distribution of C(A^, K^) is depicted in Figures 48c 
and 48d for the NCAR CCM and the GLAS CM, respectively. The distributions 
are quite similar between these two models, with large contributions from 
wavenumbers 4-7. The contributions from the standing eddies are very 
small. It is also noted that the contributions from small scales can 
not be ignored. 
3. Conversion between eddy (K^) and zonal (K^) kinetic energy 
a» Summer Southern Hemisphere The observational study of Chen and 
Buja (1983) showed that, in the vicinity of 300 mb, a major positive con­
version occurs near 45°S (south of the jet), a secondary positive conver­
sion exists near 65°S, and both positive conversions are dominated by the 
transient eddies. Similar features exist in the GLAS CM (Figure 26). 
Figure 26h further indicates that the conversions are dominated by the 
transient short waves. While the positive conversion in the low latitudes 
is weaker than the observation, the high latitude one is stronger. The 
same contrast also exists in the eddy momentum fluxes shown in Figure 12. 
In the NCAR CCM, the conversions by various scales of the standing and 
transient eddies are very weak. This is related to the eddy momentum 
fluxes shown in Figure 11. 
The spectral distribution of C(K^, K^) is depicted in Figure 27c 
and 27d for the NCAR CCM and the GLAS CM, respectively. In the NCAR CCM, 
all waves feed kinetic energy into the zonal flow, except wavenumber 1. 
Standing eddies are important in wavenumbers 1 and 3. In the GLAS CM, 
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all waves feed kinetic energy into the zonal flow, except wavenumbers 5 
and 6. 
b. Summer Northern Hemisphere The observational study of Chen 
and Buja (1983) showed a strong positive conversion at 30°N and 200 mb, 
and a weak positive conversion at 60°N and 300 mb. Both models (Figures 
49 and 50) show that the conversions by various components are very weak, 
similar to the eddy momentum fluxes shown in Figures 34 and 35. 
The pectral distribution of C(K^, K^) is depicted in Figure 51a and 
51b for the NCAR CCM and the GLAS CM, respectively. The conversion is only 
significant in the long-wave regime in both models. 
c. Winter Southern Hemisphere The observation of Chen and Buja 
(1983) showed a center of negative conversion at 35°S and 250 mb, and two 
positive centers at 300 mb and 65°S and 25°S, respectively. The conver­
sions are dominated by the transient eddies. Both models (Figures 49a and 
50a) display that a negative conversion dominated by the transient eddies 
exists near 35°S and 200 mb, similar to the observation. While the peak 
value in the GLAS CM is comparable to the observation, it is much weaker 
in the NCAR CCM. It turns out that both the transient long and short 
waves are important to the conversions in both models, and both are 
weaker in the NCAR CCM than in the GLAS CM. 
At high latitudes, negative conversions dominated by the transient 
eddies exist in both models, similar to the observation. However, both 
models are much weaker than the observation, especially the NCAR CCM. 
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In the low latitudes, a relatively strong negative conversion occurs 
near 200 mb in both models, in contrast to the positive conversion in 
the observation. It is dominated by the standing long waves in the GLAS 
CM, while the standing long waves and transient short waves mainly 
account for the conversion in the NCAR CCM. 
In mid-latitudes. Figures 34a and 35a indicate that the eddy momentum 
flux is stronger in the NCAR CCM than in the GLAS CM, although both are 
weaker than the observation. Therefore, the gradient of the mean zonal 
flow is much stronger in the GLAS CM than in the NCAR CCM and the observa­
tion. 
In addition to the strong equatorward eddy momentum transport in the 
low latitudes, the equatorward displacement of the jet causes the ob­
served positive conversion to be replaced by negative conversion in the 
low latitudes in both modes. 
At high latitudes, the weak positive conversions in both models are 
due to the weak eddy momentum fluxes. 
Summarizing, in mid-latitudes, the weak poleward eddy momentum flux 
causes the negative conversion to be too weak in the NCAR CCM. In con­
trast, in the GLAS CM, although the peak value of the negative conversion 
is comparable to the observation, the eddy momentum flux is too weak, and 
the gradient of the mean zonal flow is too strong. At high latitudes, 
the weak positive conversions in both models are due to the weak eddy 
momentum fluxes. In the low latitudes, the much too strong equatorward 
eddy momentum transports and the equatorward displacement of the jet 
cause the observed positive conversion to be replaced by the negative 
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conversions in both models. 
The spectral distribution of C(K^, K^) as a function of wavenumber 
is depicted in Figure 51c and 51d for the NCAR CCM and the GLAS CM, 
respectively. In the NCAR CCM, all waves receive kinetic energy from the 
zonal flow. Long waves are more important than short waves. Standing 
wavenumbers 1 and 2 are very significant. In the GLAS CM, synoptic waves 
receive kinetic energy from the mean flow, except wavenumber 2. It is 
noted that while the standing wavenumber 1 receives kinetic energy from 
the mean flow, the standing wavenumber 2 feeds kinetic energy to the mean 
flow. 
4. Nonlinear exchange of the available potential and kinetic energies 
In the summer Southern Hemisphere, Figures 28c and 29c indicate that 
in the NCAR CCM, while wavenumbers 3-8 cascade available potential to wave-
number 1 and smaller waves, the kinetic energy is primarily cascaded from 
baroclinic waves to smaller waves. Figures 28d and 29d show that in the 
GLAS CM, while wavenumbers 4-6 cascade available potential energy to 
very short waves, wavenumbers 2, 3, 6 and 8 are mainly responsible for 
cascading kinetic energy to wavenumbers 1 and 3 and small-scale waves. 
In the summer Northern Hemisphere, Figures 52a and 53a show that in 
the NCAR CCM, while the long waves cascade available potential energy to 
baroclinic waves and, more importantly, shorter waves, the kinetic energy 
is mainly cascaded from large and medium waves to short waves. Figures 
52b and 53b display that in the GLAS CM, while the available potential 
energy is cascaded from long waves to short waves, the kinetic energy is 
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primarily cascaded from wavenumbers 3-7 to wavenumbers 1 and 2 and short 
waves. 
In the winter Southern Hemisphere, Figures 52c and 53c show that in 
the NCAR COM, both the available potential and kinetic energies are cas­
caded from medium scales to larger and smaller scales. Figures 32d and 
53d depict that wavenumbers 3-8 cascade both the available potential and 
kinetic energies to wavenumber 1 and small waves. 
5. Interaction between standing and transient eddies in the physical 
domain 
The interaction between Ag and Ay, C(Ag, Ay), is mainly determined 
by the correlation between the divergence of transient eddy heat fluxes 
(v«V'T' ) and the standing eddy temperature field (T*). Positive 
C(Ag, Ay) implies conversion from Ag to Ay. The interaction between Kg 
and Ky C(Kg, Ky), is primarily determined by the correlation between the 
divergence of transient eddy momentum fluxes (v-V'u'*) and the standing 
eddy velocity field (¥*). Positive C(Kg, Ky) implies conversion from 
Kg to Ky. The formulation and calculation of these interactions in the 
spectral domain are very complicated and are beyond the scope of this 
study. Therefore, only the calculation performed in the physical domain 
is presented here. 
Since the interactions between standing and transient eddies are 
associated with the standing eddy temperature or velocity field, it is 
reasonable to expect that significant interactions will occur at locations 
where Ag or Kg is prominent. 
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a. Summer Southern Hemisphere The cross-section of C(Ag, Ay) 
is shown in Figures 6 a and 6 b for the NCAR CCM and the GLAS CM, respec­
tively. As would be expected from the weak Ag (Figures 13d and 14d), 
C(Ag, Ay) is very weak in the summer Southern Hemisphere in both models. 
The cross-section of C(Kg, Ky) is shown in Figures 6c and 6d for 
the NCAR CCM and the GLAS CM, respectively. Again, except a weak positive 
conversion at 30°S and 200 mb in the GLAS CM, C(Kg, Ky) is very weak in 
the summer Southern Hemisphere in both models. 
b. Summer Northern Hemisphere The cross-section of C(Ag, Ay) is 
shown in Figures 54a and 54b for the NCAR CCM and the GLAS CM, respectively. 
It is noted that the distribution of C(Ag, Ay) relates closely to the 
pattern of Ag( Figures 36d and 37d) in both models. 
Near the surface, positive C(Ag, Ay) exists in mid-latitudes in both 
models, with stronger intensity in the GLAS CM than in the NCAR CCM. It 
is noted that similar contrast also exists in the cross-section of Ag 
(Figures 36d and 37d). At 300 mb, where intense Ag occurs in both models, 
both models display positive conversions near 30°N and weak negative 
conversions near 60°N, with somewhat stronger intensity in the NCAR CCM 
than in the GLAS CM. It is noted that, in the GLAS CM, the center of 
positive conversion coincides with the center of intense Ag. This situa­
tion does not occur in the NCAR CCM. This suggests that, in the NCAR CCM, 
the divergence or convergence of transient eddy heat fluxes may be stronger 
or better correlated with the thermal field of standing eddies. 
The cross-section of C(Kg, Ky) is shown in Figures 54c and 54d for 
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Figure 54. Global latitude-pressure distribution of C(Ag, Ay) (conver­
sion from Ag to A ) in (a) the NCAR CCM and (b) the GLAS CM, 
of C(Kg, Ky) (conversion from Kg to Ky) in (c) the NCAR CCM 
and (d) the GLAS CM, during Northern Hemisphere summer. 
Units: 10'\m~^mb~^ 
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the NCAR CCM and the GLAS CM, respectively. Again, it is noted that the 
distribution of C(Kg, Ky) relates closely to the pattern of Kg (Figures 
40d and 41d) in both models. 
Except near the equator, C(Kg, ICj.) is very weak in both models. Near 
the equator, positive conversions occur near 200 mb and in the lower 
troposphere in both models. However, although Kg is only slightly stronger, 
C(Kg, Ky) at 200 mb in the GLAS CM is much stronger than the NCAR CCM. 
This suggests that, in the GLAS CM, the divergence or convergence of 
transient eddy momentum fluxes may be stronger or better correlated with 
the standing eddy velocity field. In the lower troposphere, the contrast 
of C(Kg, Kp) between these two models is similar to that of Kg. 
c. Winter Southern Hemisphere The cross-section of C(Ag, Ay) is 
shown in Figures 54a and 54b for the NCAR CCM and the GLAS CM, respectively. 
In the GLAS CM, the positive conversion near 30°S and 300 mb corresponds 
well with the intense Ag (Figure 37d) there. However, at high latitudes 
in the lower stratosphere, although Ag is very weak in both models, strong 
positive and negative conversion occurs in the GLAS CM and the NCAR CCM, 
respectively. 
The cross-section of C(Kg, Ky) is shown in Figures 54c and 54d for 
the NCAR CCM and the GLAS CM, respectively. In the lower stratosphere, 
in both models, positive conversion occurs near 30°S,- and negative con­
version occurs near 45°S, with much stronger intensities in the GLAS CM 
than in the NCAR CCM. Similar contrast also exists in the cross-sections 
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of Kg (Figures 40d and 41d). However, in the high latitudes, in both 
models, although Kg is very weak, relatively strong positive conversion 
exists. 
6. Energy diagrams 
a. Summer Southern Hemisphere Figure 8c and 8d show the 
energy diagram of standing and transient eddies for the NCAR COM and the 
GLAS CM, respectively. The energy components and conversions in the GLAS 
CM are generally stronger than the NCAR CCM. In both models, the direc­
tions of all eddy conversions are the same as in the winter Northern 
Hemisphere, except C(Kg, K^) in the GLAS CM. In addition, the conversions 
that related to transient eddies are more active than those related to 
standing eddies, especially C(Ay, iCj.) and CfA^, Aj), indicating the 
dominating role by transient eddies in the Southern Hemisphere. 
Figures 30c and 30d show the energy diagram of long and short waves 
for the NCAR CCM and the GLAS CM, respectively. The general directions of 
eddy conversions are similar to Figures 8c and 8d. It is also noted 
that the conversions that related to short waves are more active than 
those related to standing eddies. 
b. Summer Northern Hemisphere Figure 55a and 55b shows the 
energy diagram of standing and transient eddies for the NCAR CCM and the 
GLAS CM, respectively. In both models, energy components and components 
are generally smaller in summer than in winter. However, it is noted 
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Figure 55. Schematic energy diagrams describing the atmospheric 
energetics of the standing and transient eddies during 
Northern Hemisphere summer. Units for the energy com­
ponents are lOPJm-Z, and for the energy conversions, Wm"^. 
(a)-(d) as in Figure 8 
182 
that the interactions between standing and transient eddies display very 
weak seasonal change. In both models, both Ag and Kg are stronger in the 
summer Northern Hemisphere than in the Southern Hemisphere. 
Figure 56a and 56b shows the energy diagram of long and short waves 
for the NCAR CCM and the GLAS CM, respectively. In the GLAS CM, energy 
is converted from long waves to the mean flow, contrary to that in the 
NCAR CCM. This is mainly due to the standing wavenumbers 1 and 2 (Figure 
33b). 
c. Winter Southern Hemisphere Figure 55c and 55d shows the energy 
diagram of standing and transient eddies for the NCAR CCM and the GLAS CM, 
respectively. All eddy energies are stronger in the GLAS CM than in the 
NCAR CCM, except Ky. In both models, all eddy energies are stronger in 
winter than in summer, although the seasonal change is not as sharp as in 
the Northern Hemisphere. In addition, standing eddy energies are much 
weaker than transient eddy energies in both seasons, indicating the 
dominating role by transient eddies in the Southern Hemisphere. Both 
models are also consistent in showing that standing eddy energies are much 
weaker in the winter Southern Hemisphere than in the winter Northern 
Hemisphere, indicating the interhemispheric contrast in the role of stand­
ing eddies. In addition, in the winter Southern Hemishpere, Ay is weaker 
than the winter Northern Hemisphere, but Ky is stronger. In contrast, 
Chen and Buja (1983) observed that both Ay and Ky are weaker in the 
winter Southern Hemisphere than in the winter Northern Hemisphere. 
Similar to that in summer season, the conversions that related to 
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Figure 5Ç. Schematic energy diagrams describing the atmospheric 
energetics of the long- and short-wave regime during 
Northern Hemisphere summer. The parenthesized numerical 
values represent the contributions from the standing com­
ponents. Units for the energy components are 105jm~2, 
and for the energy conversions, Wm"2. (a)-{d) as in 
Figure 8 
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transient eddies are generally stronger than those related to standing 
eddies, indicating the more active role by transient eddies in the Southern 
Hemisphere. In addition, their seasonal changes are generally not as sharp 
as in the Northern Hemisphere. While the transient eddy conversions are 
comparable between the winter Southern Hemisphere and the winter Northern 
Hemisphere, the standing eddy conversions are much weaker in the winter 
Southern Hemisphere, indicating the interhemispheric contrast in the role 
of standing eddies. Similar to that in the Northern Hemisphere, the 
interactions between standing and transient eddies show very weak seasonal 
variation in the Southern Hemisphere. Both available potential and kinetic 
energies are, in general, converted from standing eddies to transient 
eddies in both seasons and in both hemispheres, with weaker intensities 
in the Southern Hemisphere. 
Figure 56c and 56d shows the energy diagram of long and short waves 
for the NCAR CCM and the GLAS CM, respectively. All eddy energies are 
stronger in the GLAS CM than in the NCAR CCM, except the kinetic energy 
in the short-wave regime. It is noted that similar contrast exists in Kj. 
In both models, all eddy energies, except the short-wave available poten­
tial energy in the NCAR CCM, are stronger in winter than in summer, al­
though the seasonal change is not as sharp as in the Northern Hemisphere. 
In addition, long-wave energies are stronger than short-wave energies, 
except the eddy kinetic energies in the NCAR CCM. Together with the 
dominating role by transient eddies manifested in Figures 53c and 53d, 
this situation implies that transient eddies in the Southern Hemisphere 
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generally are long waves. A similar situation exists in summer as well. 
This is in sharp contrast to the Northern Hemisphere. Both models are 
also consistent in showing that all eddy energies, particularly the long­
wave available potential energy, are weaker in the winter Southern Hemi­
sphere than in the winter Northern Hemisphere, except the short-wave 
kinetic energy in the NCAR CCM. 
In both models, all eddy conversions are stronger in winter than in 
summer, especially the conversion from zonal to long-wave available poten­
tial energy, although the seasonal change is not as sharp as in the 
Northern Hemisphere. Similar to that in the winter Northern Hemisphere, 
although the short-wave energies are generally weaker than the long-wave 
energies, the opposite is true for conversions. This situation implies 
that the short waves are energetically more efficient than the long waves. 
While the short-wave conversions are comparable between the winter 
Souther Hemisphere and the winter Northern Hemisphere, the long-wave con­
versions are weaker in the winter Southern Hemisphere. The cascadings of 
available potential and kinetic energies from the long-wave to short-wave 
regime are generally weak in the Southern Hemisphere in both seasons. In 
contrast, in the Northern Hemisphere in both seasons, a significant amount 
of long-wave available potential energy is transferred to the short-wave 
regime. 
